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ABSTRACT h ]

T A e

. This is the seventh in a series of evaluated sets of rate constants and ; 5
? photochemical cross sections compiled by the NASA Panel for Data Evaluation. The ;
: : |
5 primary application of the data is in the modeling of stratospheric processes, % :
é with particular emphasis on the ozone layer. and its possible perturbation by g
f anthropogenic and natural phenomena. Copies of this evaluation are available 3 i
from the Jet Propulsion Laboratory, California Institute of Technology, f; _“,i
¢
Pasadena, California, 91109. 2 i
1 o
a3 "
11 ; 1
Rt 1 i
] 1
'ﬂ 1
; ‘ 1
i %
I
:

vii




CHEMICAL KINETICS AND PHOTOCHEMICAL DATA

FOR USE IN STRATOSPHERIC MODELING

- . e 2
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The present compilation of kinetic and photochemical data represents the

o = e

;- INTRUVCTION 1
]
]

seventh evaluation prepared by the NASA Panel for Data Evaluation. The Panel

was established in 1977 by the NASA Upper Atmosphere Research Program Office for

v g I

the purpose of providing a ceritical tabulation of .the latest kinetic and
photochemical data for use by modelers in computer simulations of stratospheric

: chemistry. The previcus publications appeared as follows:

3 Evaluation Number Reference : i

. 1l NASA RP 1010, Chapter 1 B

@ (Hudson, 1977) Y

} ] 2 JPL Publication 79-27 é

5 ¢ (DeMore et al., 1979) ; i
3 3 NASA RP 1049, Chapter 1 1
(Hudson and Reed, 1979) k

B i Toal i

L edmica T g s i

. 4 JPL Publication 81-3

A (DeMore et al., 1981)

-

3 : 5 : JPL Publication 82-57

. . (DeMore et al., 1982) :
6 JPL Publication 83-62 j

(DeMore et al., 1983)

P 2R

The present composition of the Panel and the major responsibilities of each

member are listed below:

W. B. DeMore, Chairman (Chapman chemistry)

D. M. CGolden (three-body.teactione)
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R. F., Hampson (halogen chemistry)

f C. J. Howard (HOy, chemistry, o(1D) reactiona, metal chemistry)

5 M. J. Kurylo (S80x chemistry)

J. J. Margitan (NOy chemistry)

3oda. imer . Amr i aaPosediial

M. J. Molina (photochemical cross sections)
A. R. Ravishankara (hydrocarbon oxidation) '“';;jl
R. T. Watson, Advisor

As shown above, each Panel member concentrates his effort on a given area

SIE SRRV SN

or type of data. Nevertheless, the final recommendations of the Panel represent

a consensus of the entire Panel. Each member reviews the basis for all

recommendations. and is cognizant of the final decision in every case.
Communications regarding particular reactions should be addressed to the

appropriate panel member: —

W. B. DeMore

J. J. Margitan

M. J. Molina

& Jet Propulsion Laboratory
183~6ul

4800 Oak Grove Drive .
Pasadena, CA 91109

v D. M. Golden

PS~031

SRI International

: 333 Ravenswood Ave.
’ Menlo Park, CA 94025

R. F. Hampson

M. J. Kurylo

National Bureau of Standards
Chemical Kinetics Division
Gaithersburg, MD 20899
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C. J. Howard o
A. R. Ravishankara :
NOAA-ERL, R/E/AL2
325 Broadway
Boulder, CO 80303
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Copies of thia evaluation may be obtained by requeating JPL Publication 85-37
from:

Documentation Section
111=116B

Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91109

Telephone: (818) 354~5090

BASIS OF THE RECOMMENDATIONS

The recommended rate. constants and cross sections are based on laboratory

measurements. In order to provide recommendations that are as up-~to~date as

possible, preprints and written private communications are accepted, in the
expectation. that they will appear as published Journal articles. In no cases are
rate constants adjusted to fit observations of stratospheric concentrations.

The Panel does consider the question of.consistency of data with expectations

based on kinetics theories, and in cases where a discrepancy appears to exist,

this fact is pointed out in the accompanying note. The major use of theoretical

extrapolation of data is in connection with three-body reactions, in which the

required pressure or temperature dependence 1is sometimes unavailable from

laboratory measurements, and can be estimated by use of appropriate theoretical

treatment. In the case of a few important rate constants for which no

experimental data are available the Panel has provided estimates of rate

constant parameters, based on analogy to similar reactions for which data. are

avallable.
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RECENT CHANGES AND CURRENT NEEDS
OF LABORATORY KINETICS

There have been no major changes in stratospheric chemistry since the
publication of our previous evaluation, JPL Publication 83-62. There are
approximately thirty changes in the rate constant recommendations in the present
evaluation, but these are for the most part minor. Twenty~eight new reactions
have been added, representing processes which play small but possibly
significant roles in the stratosphere. Some important refinements have been
made in certain key rate constants, such as those for O + CrO and OH + HCA.
These examples are typical of the set of critical reactions which were carefully
measured about five or ten years ago, during the early stages of the
stratospheric chemistry program. While these measurements have generally stood
the test of time, it is appropriate to re-examine them to verify that the
kinetic data being used in the models are as accurate.as possible. Such ._..
refinements will go hand-in-hand with the improved reliability of field
measurement methods for the in;situ measurement of trace species, permitting
more exacting comparisons of the model witﬁ observation. Some reactions which
are too slow to be of importance in the stratosphere are included in the

evaluation to show that they have been considered.

Ox Reactions

The kinetics of the O, 02, and O3 system appear to be well established.
There remains some concern about the possible roles of excited states of 02,
especially 02(16). but at present there is no evidence that these states have

any important effects on the overall chemistry of the stratosphere.
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& 0(1D) Reactions

i The data base for o(lp) reaction chemiatry i1s in fairly good condition.

There is good to excellent agreement in independent measurementsa of the absolute

T P

rate constants for o(lp) deactivation by the major atmospheric components, Ng

and 02, and by the critical radical producing components, H0, CHg4, N20, and

x!z .

LEATEEER

¥3 There are fewer direct studies of the products of the deactivation

e
L

: processes, but in most cases these details appear to he of minor importance.

i Some processes of interest for product studies include the reactions of 0(lD)

with CH, and halocarbons. Possible kinetic energy effects from photolytically

generated 0o(1Dp) are probably not important in the atmosphere but may contribute

complications in laboratory studies.

B2 - R

HOy Reactions . :

Our knowledge of the kinetics of HOx radicals has continued to improve. f

For example, several new studies have been reported on the HOp + HOz reaction.

B

Although the reaction mechanism is complex and demonstrates both bimolecular ' ,
o 3
and termolecular behavior, independent studies using different experimental oo f

technigques are in excellent agreement.. . Data on the temperature dependence are

ek S

i also consistent. More serious problems remain with the OH + HO; reaction,

Eade b i

Lo eseeRd L
-

where there are indications of a presaure effect but there are few data on this

and the temperature dependence. There is a study of_the temperature dependence S

“rosko 13
Ao mea e s

at low pressure, but no studies at high pressures.

R
ol

NOy Reactions

The data base for NO, reactions is relatively well established. Our

understanding of the important OH + HNO3 reactions has improved due to ; ;

, : 3

confirmation of a small pressure dependence which helps explain some of the 1
5
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earlier divergence between flash and flow studiea. The equally important OH 4

HOgNOz reaction ia not as well characturized, particularly with regard to the
temperature depenidence, Additional studies of the HOp + NO2 + M recombination

are also needed, especially on the temperature dependence of the low pressure

NN

i
o
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limit. Recently, direct studiea of some key NO3 reactions have become v A

available, greatly improving the reliability of that data base. ‘q
The data for NHy reactions are sparse. There are a large number of |

studies only for the NHy + NO reaction, and these show a factor of two

discrepancy between flow and tlash systems.

Hvdrocarbon Oxidation -

Our understanding of hydrocarbon oxidation in the atmosphere has improved
considerably in the past few years. All hydrocarbons are released at the
surface of the earth, and their degradation in the troposphere is initiated by i
reaction with OH (and with ozone in the case of olefins). Depending on their o
reactivity with OH, only a fraction of the surface flux of hydrocarbons is
transported into.the stratosphere where their oxidation serves as a source of

water vapor. In addition, the reaction of CA atoms with these hydrocarbons

(mainly CH4) constitutes one of the major sink mechanisms fo; active chlorine.
Even though CH4 is the predominant hydrocarbon in the stratosphere, we have
included in this evaluation certain reactions of a few heavier hydrocarbon I 1
apecies; é

In the stratosphere, CH; oxidation is initiated by its reaction with either 3
OH or C} (and to a limited extent o(1D)), leading to formation of CHy and

subsequently CH302. Several details of the subsequent chemistry are unclear,

primarily because three key reactions are not well characterized. These

reactions are: (1) CH302 + HOz, which exhibits an unusual temperature dependence [
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analogous to that for the HOp + HOp reaction; (2) CH300H + OH, which has been
recently studied in a competitive system and found to be extremely rapid; and
(3) OH + CO, whose temperature dependence as a function of presaure is
uncertain. Even though the rate constants for the three reactions mentioned
above are not very well known, the effects of these uncertaintiea on
stratospheric O3 perturbation calculations are negligible.

The rate constant for CH30,NO; formation from CH30p and NO; is well
defined. However, the role of CH302NO; in the stratosphere remains unclear,
owing to insufficient data on its thermal decomposition and photolysis.

Formaldehyde photo~oxidation to form CO can be considered well understood,
especially since the rate of the HCO + O reaction is known. The rates of the
OH and O(3P) reactions with CH20 and the photolysis cross sections of CH0
are reasonably well known.,

Another area of hydrocarbon oxidation which has seen a great deal of
improvement is that of product analysis. However, some additional work .may be
required to measure branching ratios for reactions such as. CH30p + CH307.

The oxidation scheme for higher hydrocarbons has not been fully elucidated.
However, the rate of transport cf these hydrocarbons into the stratosphere can
be easily calculated since the rates of reactions with OH are well known. In
moat cases it is expected that the radicals formed from the initial OH or (o3 3
attack will follow courses analogous to CH3, and ultimately lead to CO.

Two reactions involving NO3, with CO and CH;0, have been added. The
tropospherically important reactions of NO3 with a variety of organic
compounds have been studied by Atkinson and coworkers (Atkinson et al., 1984)

and are not tabulated here.
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Halogen Chemistry

There have been two significant changes in recommendations for CAOy
reactions - the recommendation for OH + HCL has been increased by 20% while that
for O + CAO has been decreased by 20%. Otherwise there have been only minor
refinements in the data base for halogen reactions. The table now contains ten
new entries in this section - these include the reaction of HCL + CLONOjy, NOj
reactions with CA and CALO, and four reactions of perhalogenated methylperoxy

radicals with NO.

S04 Reactions

This section on homogeneous sulfur chemistry continues to change and expand
as we obtain more detailed laboratory data on a number of oxidative processes.
In particular, we have considerably more data on SH radical reactions although _
many gaps in the data base still exist. For example, while we now include data
for the reactions of SH with 03, H202, N0y, and NO there is no information on
the temperature dependence of these reactions. Further studies of both HSO and
SH reactions are needed to develop more completely our picture of H3S
atmospheric oxidation. Since the last evaluation there have been no
improvements in our knowledge of the rates and mechanisms of SO oxidation by
either radical or molecular species. A complete asseusment of the importance of
SO reactions with species such as OH, HOs, CARO, BrO,_e;c, cannot yet be given.
However, the reactiona of SO with 0) and 03 are expected to dominate throughout
the atmosphere.

An area in which our understanding has improved significantly involves the
oxidation of S0) into sulfuric ecid and the concomitant change (if any) in HOyx
radical concentrations. Recently Stockwell and Calvert (1983) and Margitan

(1984a) have published experimental evidence that the primary fate of the HOSO;
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radical produced in the reaction
OH + 802 + M = HOSOp + M
is to react with 02 to produce HOj:
Hoé'oz + 07 » HOp + S03

Rate data for this process, derived in the Margitan study and supported by
preliminary studies by Bandow and Howard (private communication, 1984), are
included in this evaluation. These new experimental results. support a
homogeneous gas phase SO7 oxidation mechanism involving no net change in HOx per
H2S04 formed while negating a reaction sequence involving SO3 formation via the
OH + HOSO2 reaction (a mechanism which would have resulted in the loss of two OH
radicals per HpS0y4 formed).v However there is a need for still further
information on the atmospheric reactivity of H0SO; and perhaps even on reactions
invplving:its possible complexes with Oy or Hy0. Along these latter lines, a
recent study by Huie and Neta (1984) demonstrates that the formation of the
HOS05° 07 adduct predominates in solution. While the acidic natures of both
HOSO3 and HOS02:02 result in their deprotonation in solution and existence as
the S03™ and SO5~ anions, these results suggest the possible atmospheric.
importance of the O adduct in its hydrated form. In this and most discussions,
503 has been thought of as equivalent to sulfuric acid. This is supported by
recent expériments by Hofmann-Sievert and Castleman (1984) which suggest the
rapid isomeérization of the adduct SO3°H20 to H3S04 with a barrier to this
process of less than 13 kcal/mol. Further information on the reactions of S03
with other atmospheric species is needed to assess the competition of these
reactions with 803 hydrolysis.

Additional progress has been made in developing an understanding of the
mechanisms of OCS and CSj oxidation. There are now additional studies providing

rate constant and primary product information for the reactions of OH with both

e 2
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species. In the case of CSy there have been direct observations of reversible
adduct formation with OH as well as further confirmation of its Oz-enhanced
pressure dependent oxidation by OH. There are no data, however, to suggest
similar behavior in the OH + OCS reaction despite the direct observation of SH
as a primary product of both reactions and the invocation of similar complex
(adduct) mechanisms. New data indicate that the direct bimolecular reactions.
have markedly different Arrhenius parameters from one another thereby suggesting
significant energetic differences in the reaction surfaces describing adduct
formation. Further information regarding the elementary steps in the oxidation

of both species should further our understanding of complex mechanisms in

general.

Metal Chemistry

Several reactions of sodium species have been introduced in this
evaluation. Sodium is deposited in the upper atmosphere by meteors along with
larger amounts of silicon, magnesium, and iron; comparable amounts of
aluminum, nickel, and calcium; and smaller amounts of potassium, chromium,
manganese, and other elements. The interest is greatest in the alkali metals
because they form the least stable oxides and thus free atoms can be regenerated
through photolysis and reactions with O and 03. The other meteoric elements are
expected to form more stable oxides.

It has been proposed that the highly polar metal compounds may polymerize
to form clusters and that the stratospheric concentrations of free metal
compounds are too small to play a significant role in the chemistry. In any
case the total flux of alkali metals through the atmosphere is relatively small,
e.g., one to two orders of magnitude less than CFMs. Therefore extremely

efficient catalytic cycles would be required in order for Na to have a

10
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significant effect on stratospheric chemistry. We emphasize that th-r; ;re no
measurements of metals or metal compounds in the stratosphere which indicate a
significant role.

Although little is known about the atmospheric reactions of Na and its
compounds, some recent studies have been shown that these materials are

surprisingly reactive, e.g.,

Na + Hy05 9 NaOH + OH k2 6.9 x 10"11
% NaO + H0
and
NaOH + HCL = NaCL + Hy0 ke 2.8 x 10-10

[Silver et al., 1984a]. Unfortinately the available data on this system are
very sparse. In order to assess the efficiency of catalytic cycles, data are
needed on the reactions of NaO and NaO, with atmospheric species and on the
photolysis rates of key species such as NaO, NaOp, NaOH and NaCt. Measurements

are also needed on the concentration and chemical form of Na in the atmosphere.

Photochemical Cross Sections

The absorption cross sections of 0Oy around 200 mm -~ that is, at the onset
of the Herzberg continuum -- have been remeasured in the laboratory and are now
in better agreement with the values inferred from solar irradiance measurements
in the stratosphere. Also, the data base on O3 cross sections and on their
temperature dependency has improved considerably since the previous evaluation
(JPL Publication 83-62).

The temperature dependence of the absorption cross sections of HO2NO2, H20,

and HNO3 in the 300 nm region might be significani and should be determined.

11 .
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ATMOSPHERIC CHEMISTRY

Overview

The ozone content of earth's atmosphere can be considered to exist in three

distinet regions, the_troposphere, stratosphere, and mesoaphere. The unpolluted

troposphere contains small amounts of ozone, which come from both downward

transport from the stratosphere and from in situ photochemical production. The

chemistry of the global troposphere 18 complex, with both homogeneous and

heterogeneous (e.g«, rain-out) processes playing important roles. The

homogeneous chemistry is governed by coupling between the carbon/nitrogen/hydro-

gen and oxygen systems and can be considered to be more complex than the

chemistry of the stratosphere, due to the presence of higher hydrocarbons;

long photocheyicai relaxation times, higher total pressures, and the high

relative humidity which may affect the reactivity of certain key species such

as Hoé. Significant progress is being made in understanding the coupling

between the different chemical eyatems,.eapqcially the mechanism of methane

oxidation, which partially controls the odd hydrogen budget. _This is an’

important development, as reactions of the hydroxyl radical are the primary

loss mechanism for compounds containing C-H (CHg4, CHaCAh, CHF2CR, etc.) or

C=C (CCh4, C2HCA3, C2H4, etc.), thus limiting the fraction transported

into the stratosphere.

The stratosphere is the region of the atmosphere where the bulk of the

ozone resides, with the concentration reaching a maximum value of about 5 x

1012 molecule em~3 at an altitude of ~25 km. Ozone in the stratosphere is

removed predominantly by catalytic (i.e., non-Chapman) processes, but the

assignment of their relative importance and the prediction of their future

impact are dependent on a detailed understanding of chemical reactions which

form, remove and interconvert the catalytic species. A model calculation of

12
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stratospheric composition may include some 150 chemical reactions and
photochemical procesases, which vary greatly in their importance in controlling
the denaity of ozone. Laboratory measurements of the rates of these reactions

have progressed rapidly in recent years, and have given us a basic

understanding of the processes involved, particularly in the upper stratosphere.

e i e et e

Despite the basically sound understanding of overall stratospheric chemistry
which presently exists, much remains to be done to quantify errors, to identify

reaction channels positively, and to measure reaction rates both under

conditions corresponding to the lower stratosphere (~210 K, ~75 torr) as well

as the top of the stratosphere (~270 K, ~1 torr).

The chemistry of the upper stratosphere, i.e. 30-50 km, is thought to be

reasonably well defined, although there appear to be some significant
differences between the predicted and observed chemical compositions of this
region of the atmosphere which may be due to inaccurate rate data or missing
chemistry. 1In this region the chemical composition of the atmosphere is
predominantly photochemically controlled and the photolytic lifetimes of

temporary reservoir species such as HOCL, HOZNOZ, CAONO2, N2Os and H202

are short and hence they play a minor role. Thus the important processes
above 30 km all involve atoms and small molecules. The majority of laboratory
studies of these reactions have been carried out under the conditions of

pressure and temperature which are encountered in the upper stratosphere, and

R R LT

their overall status appears to be good. No significant changes in rate

coefficients for the key reactions such as Ch + 03, NO + CrO, O + NO2, NO + 03,
etc., have occurred in the last few years. Recent changes of ~20% in the rate
constants for O + CAO and OH + HCA have had offsetting effects for ozone

depletion calculationa. Historically, a major area of concern in the chemistry

13
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nd HO2 radicals,

of the upper stratosphare has involved the reaction between HO.a

which has had considerable uncertainty in the rate conatant. Thia HOx

termination reaction plays an important role in determining the absolute 1

concentrations of HO and HOp, and since HO plays a central role in controlling

PONC T W

the catalytic efficiencies of both NOy and CAOy, it is .a reaction of

considerable importanco} Recently the uncertainty in the rate coefficient for \ 3

the reaction has decreased, now being thought to be about. a factor of 1.5 over '1

the entire range of atmospheric conditions. It should be noted that the HO + i!

Hp02, HO + HNO3 and HO + HOgNOZ reactions have little effect on controlling the %

HO, concentrations above 30 km. For reactions such as O + HO and O ¢+ HOy, which :

control the HOx radical partitioning above 40 km, the data base can be b
considered to be quite good. é

One area in which additional studies may be needed is that of excited state 8

: chemistry, i.e., studies to determine whether electronic or vibrational states ‘?

; ; of certain atmospheric constituents may be more important than hitherto .
. recognized. Possible examples are 02*, 03*, HO¥*, or Nz*. B ‘é
The chemistry of the lower stratosphere is quite complex, with significant K

coupling between the HOx, NOy and CArO, families. In this region of the. | s

atmosphere (15-30 km), both dynamics and photochemistry play key roles in | |

It is also within this region that 4

controlling the trace gas distributions.

the question of the pressure and temperature dependences of the rate

1
[

coefficients is most critical, due to the low temperatures (210-255 K) and the

high total pressures (30-200 torr). The question of possible pressure and

temperature dependences of HO and HOp reactions is highly pertinent here.

Our view of the chemistry of the lower stratosphere has changed in recent

years, due to changes in rate constants which have in turn led to changes in the
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relative importance of reactions which control the HOy budget in this region
of the atmosphere. Prior to the appearance of improved kinetics data for the HO
+ H02, HO + HNO3, and HO + HOpNOy reactions, .the major termination

reaction for odd hydrogen species in models of the lower stratosphere was the

HO + HOp 9 Hp0 + O reaction. However, the HO + HNO3 and HO + NOsNO;

reactions are now thought to play a vital role in controlling the HOy radical
concentration in the lower stratosphere. The species HNO3, HOpNOz, CANO3 and
HOCA illustrate the strong coupling that.exists between the HOy, NO, and CAO,
families. One disturbing problem is that while these species are currently
thought to play an important role ip stratospheric photochemistry, only HNOj

has yet been positively observed by any field measurement study.

Heterogeneous Effects

A continuing question in stratospheric modeling is whether or not aerosols
perturb the homogeneous chemistry to a significant degree. Effects could arime
through the following processges:

1. Surface catalysis of chemical reactions.

2. Production or removal of active speciees.

3. Effects of aerosol precursors.

The aerosol question now assumes more relevance in view of the 1982 eruption of
the E1 Chichon volcano, which evidently increased the aerosol loading by
approximately an order of magnitude. This effect is of course temporary, with a
recovery time of the order of a few years.

In NASA Reference Publications 1010 and 1049, processes 1 and 2 above were
discussed in general terms. It was shown that, with a few possibly significant
exceptions, surface catalyeis of chemical reactions is noi .vpected to ~ompete

with the rates of homogeneous gas phase reactions. The essential reason was

15
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that the frequency of collision of a gas phase molecule with the aercsol surface
is typically of the order cf 10=3 sec~l, whereas most of the key gas phase
reactions occur with much greater. frequency, for example, conversion of atomic

chlorine to HCA by the CA + CHy reaction (102 gec™!), Thus, even in the

NS SVERREE S S T

unlikely case of unit reaction efficiency on the aerosol surface the
heterogeneous process cannot be significant. Posaible exceptions occur for
reactions which are extremely slow in the gas phase, such as hydrolysis of an f";
anhydride, as in the reaction N0s5 + H20 < 2HNO3. There remains some
uncertainty with regard to the role of these latter processes.

It was also shown in NASA Publications 1010 and 1049 that there is no

evidence that aerosols serve as significant sources or sinks of the major active
species such as chlorine compounds. However, Hunten et al. (1980) have
suggested that dust particles of meteoric origin may scavenge metallic atoms and
ions, and in particular may remove Na diffusing from the megosphere in the form
of absorbed NaOH or Nay504.

Although it appears that aerosols do nct greatly perturb the ambient
concentrations of active species through direct interaction with the surfaces,
the aerosol precursors may significantly perturb the stratospheric cycles
through removal of species such as OH radicals. For example, a large injection
of 503, such as that which occurred in the El Chichon eruption, has the
potential of rignifiéantly depleting HO, radical concentrations, as was
discussed in the section on SOy chemistry. It must be reiterated, however, that
recent studies of the mechanism of SOy oxidation have shown that OH plays a
catalytic role, and, therefore, the process does not result in a net loss of OH
from the system.

The effects of aerosols on the radiation field and on the temperature may

also need to be considered. These effects are probably small, however.

16




J—

There are two problems with regard to detecting the effacts of aercsol
injections such as that following the El Chichon eruption., One is that no
adequate baseline exists for the unperturbed atmosphere, and therefore a given
observation cannot unambiguously be assigned to the enhanced presence of the
aerosol loading. A second problem is that, as already discussed, the effects
are expected to be subtle and probably of small magnitude. Thus, in spite of
the large change that has occurred in the aerosol content of the lower

stratosphere, effects on the chemical balance will be difficult to detect.

RATE CONSTANT DATA

In Table 1 (Rate Constants for Second Order Reactions) the reactions are
grouped into the classes Oy, O(lD), HO,, NOy, Hydrocarbon Reactions, CArOy,
BrOy,FOyx, and SOx. The data in Table 2 (Rate Constants ﬁor Three~-Body

Reactions), while not grouped by class, are presented in the same order as the

bimolecular reactions. Further, the presentation of photochemical cross section

data follows the same sequence.

Bimolecular Reactions

Some of the reactions in Table 1 are actually more complex than simple
two~body reactions. To explain the anomalous pressure and temperature
dependences occasionally seen in reactions of this type, it is necessary to
consider the bimolecular class of reactions in terms of two subcategories,

direct (concerted) and indirect (non~concerted) reactions.

A direct or concerted bimolecular reaction is one in which the reactants A

and B proceed to products C and D without the intermediate formation of an AB

adduct which has appreciable bonding, i.e., no stable A-B molecule exists, and
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there is no reaction intermediate other than the transition state of the

reaction, (AB)¥,
A+BI(AB)* 2C+ D

The reaction of OH with CH; forming Hy0 + CH3 is an example of a reaction
of this class.

Very useful correlations between the expected structure of the transition
state [AB]* and the A-factor of the reaction rate constant can be made,
especially in reactions which are constrained to follow a well-defined approach
of the two reactants in order to minimize energy requirements in the making and
brasking of bonds. The rate constants for these reactions are well represented
by the Arrhenius expression k = A exp(~-E/RT) in the 200-300 K temperature range.
These rate constants are not pressure dependent.

The indirect or non-concerted class of bimolecular reactions is
characterized by a more complex reaction path involving a potential well between

reactants and products, leading to a bound adduct (or reaction complex) formed

between the reactants A and B:
A+B2(aB)*acCc4+D

The intermediate [AB]* is different from the transition state [AB]*, in that

it 1s a bound molecule which has & finite lifetime and which can, in principle,
be isolated. (Uf course, transition states are involved in all of the above
reactions, both forward and backward, but are not explicitly shown.) An example
of this reaction type is CAO + NO, which normally produces Ch + NO2 as a

bimolecular product, but which undoubtedly involves CAONO (chlorine nitrite) as
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an intermediate. This can be viewed as & chemical activation process forming

(C&ONO)* vhich decomposes unimolecularly to the ultimate products, CA + NO2.

Reactions of the non=concerted type can have a more complex temperature

dependence, can exhibit a pressure dependence if the lifetime of [AB]* is

comparable to the rate of collisional deactivation of [AB]*. This arises

becausa the relative rate at which {AB]* goes to products C + D vs. reactants A

+ B is a sensitive function of its excitation energy. Thus, in reactions of

this type, the distinction between the bimolecular and termolecular

classification becomes less meaningful, and it is particularly necessary to

study such reactions under the temperature and pressure conditions in which they
are to be used in model calculations.

The rate constant tabulation for second-order reactions (Table 1) is given

in Arrhenius form: k(T) = A exp((~ %)(%)) and contains the following
information:

1. Reaction stoichiometry and products (if known). The pressure
dependences are included, where appropriate.

2. Arrhenius A-factor.
3, Temperature dependence and associated uncertainty ("activation

temperature” E/R:AE/R).
4. Rate constant at 298 K.

5. Uncertainty factor at. 298 K.
6. Note giving basis of recommendation and any other pertinent

information.

Termolecular Resctions

Rate constants for third order reactions (Table 2) of the type A + B.2

[AB]* Y AB are given in the form

ko(T) = ko300(1/300)"" emb =1,
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(where -the value is suitable for air as the third body), together with the

recommended value of n. Whare pressure fall-off corrections are necessary, an

additional entry gives the limiting high pressure rate constant in a similar

form: R

ko(T) = k300(T/300)"™ cm3 e~l,

To obtain the effective second-order rate constant for a given condition of

temperature and pressure (altitude), the following fo;mula.igtusgd;

ko(T)[M]

| , {1+ logy ok (DN kI
k(2) = XD = (T 17k (1) |

) 0.6

The fixed value 0.6 which appears in this formula fits the data for .all listed

reactions. adequately, although in principle this quantity may be different for

each reaction. .
Thus, a compilation of rate constants of this type re
of the four parameters, ky(300), n, ko( 300), and m. These can be found in

Table 2. The discussion that follows outlines the general methods we have us=d

in eatabliah;ng this table, and the notes to the table discuss specific data

sources.

Low-Pressure Limiting Rate Constant [kF(T)]

Troe (1977) has described a simple method for obtaining low-pressure

l1imiting rate constants. In essence this method depends on the definition:

quires the stipulation

T
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KE(T) B Byk¥, ge(T)

Here sc signifies "strong" collisions, x denotes the bath gas, and By is an
efficiency parameter (0 < 8 < 1), which provides a measure of energy transfer.
The coefficient By is related to the average energy transferred in a

collision with gas x, <AE>,, via:

Notice that <AE> is quite sensitive to B. Fg is the correction factor of the .
energy dependence of the density of states (a quantity of the order of 1.1 for
most species of stratospheric interest).

For many of the reactions of possible stratospheric. interest reviewed here,_
there exist data in the low-pressure mit (or very close thereto), and we have
chosen to evaluate and unify this data by calculating k¥ go(T) for the
appropriate bath gas x and computing the value of By corresponding to the
experimental value [Troe (1977)]. A recent compilation (Pattick.and Golden,
1983) gives details for many of the reactions considered here.

From the By values (most of which are for N3, i.e., BNZ?’ we
compute <AE>y according to the above equation. Values of (AE>N2 of
approximately 0.3-1 kcal mole~l are generally expected. If multiple data
exist, we average the values of <AE>N2 and recommend a rate constant
corresponding to the BNz computed in the equation above.

Where no data exist, we have estimated the low-pressure rate constant by
taking By, = 0.3 at T = 300 K, a value based on those cases where data

exist,
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Temperature Dependence of Low~Pressure Limiting Rate Constanta: n

The value of n recommended hera comes from a calculation of <AE>N2 from

the data at 300 K, and a computation of BN, (200 K) assuming that <AE>N2
is independent of temperature in this range. This BN, (200 K) value is .

combined with the computed value of ky8¢(200 K) to give the expected value

of the actual rate conatant at 200 K. This latter in combination with the value |
of 300 K.yields the value of n.

This procedure can be directly compared with measured values of k,(200 K)
when those exist. Unfortunately, very few values at 200 K are available. There
are often temperature-~dependent studies, but some ambiguity exists when one !
attempts to extrapolate these down to 200 K. If data is to be extrapolated out

of the measured temperature range, a choice must be made as to the functional

S

form of the .temperature dependence. There are two general ways of expressing
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the temperature dependence of rate constants. Either the Arrhenius expression

-

1 ; ko(T) = Aexp(-E/RT) or the form k,(T) = A' T™P is employed. Since ' :

i neither of these extrapclation. techniques is soundly based, and since they :

often yield values that differ substantially, we have used the method explained

earlier as the basis of our recommendations.

High-Pressure Limiting Rate Constants [kg(T)] i

RPN

High-pressure rate constants can often be obtained experimentally, but

- those for the relatively small species of atmospheric importance usually reach

the high~pressure limit at inaccessibly high pressures. This leaves._two sources .

of these numbers, the first being guesses based upon some model; and.the second
extrapolation of fall-off data up to higher pressures. Stratospheric conditions.
generally render reactions of interest much closer to the low-pressure limit,

and thus are fairly insensitive to the high-pressure value. This means that {
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while the extrepolation is long, and the value of ko(T) not very precise, a
"reasonable guess" of ko(T) will then suffice. In some cases we have declined
to guess since the low-pressure 1imit is always in effect over the entire range

of stratospheric conditions.

h—Preasura.Limiting Rate Constantsi M

Temperature Dependence of Hig

There is very 1ittle data upon which to base .a recommendation for values of
m. Values in Table 2 are estimated, based on models for the transition state of

bond association reactions and whatever data are available.

Isomer Formation
{ated with association reactions arises when

A particular problem assoc
lecule AB. In this

there are easily accessible isomeric forms of the mo

£ the rate constant 48 accomplished by a

situation, if the laboratory measurement ©
the value_ascertained may be the sum

following the'disappearance of

ses that should be measured an

d tabulated independently. A

of two or more proces

specific example of such a case i3 found in Table 2 for the reactions of .
tants may come together to form either CANO2

cp-atoms with NOp. These reac

or CAONO.
h as discussed above, is important.

whether or not isomer formation, suc
ity of the possible products. At the moment the

depends on the relatiée stabil
e already included. In the

Lt S mkban . s e

reactants,
h

ki A e i iim Boil

only example that we are sure about is the exampl
past however, there wes some thought that all the data on the reaction between
e understood in texms of the formation of both

cpo-radicals and NOz could b
QCAONO) . Experiments have

AONO2) and other isomers (CAOONO,,

chlorine nitrate (c
shown that this i{s not the case and that chlorine nitrate is the sole product.
some length in note 14 of Table 2.

This question is discussed at
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There are many other possibilities for isomer formation in the reactions
listed in Table 2. In some of the notes we have specifically pointed this out,
but even for reactions where no mention is made of isomers, because we felt that
they could not contribute under atmospheric conditions, extrapolation to higher
pressures and lower temperatures should_be done with the possibilities kept in

mind.

Uncertainty Estimates

For second-order rate constants in Table 1, an estimate of the uncertainty

at any given temperature may be obtained from the following expression:

An upper or lower bound (corresponding approximately to one standard deviation)
of the rate constant at any temperature.i can be obtained by multiplying or
dividing the value of the rate constant at that temperature by the factor fr.
The quantities .f9g and AE/R are, respectively, the uncertainty in the rate
constant at 298 K and in the Arrhenius temperature coefficient, as listed in
Table 1.

For three~body reactions (Table 2) a somewhat analogous procedure is used.
Uncertainties expressed as increments to k, and ke are given for these rate
constants at room temperature. The additional uncertainty arising from the
temperature extrapolation is expressed as an uncertainty in the temperature
coefficients n and m.

The assigned uncertainties represent the subjective judgment of the Panel.

They are not determined by a rigorous, statistical analysis of the data base,

which generally is too limited to permit such an analysis. Rather, the
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uncertainties are based on a knowledge of the experimenters, the difficulties of

the experiments, and the potential for systematic errors. There is obvioualy no

way to quantify these "unknown" errors. The spread in results among different

tochniquea for a given reaction may provide some basis for an uncertainty, but

the poaaibility of the same, or compensating, systematic errors in all the

studies must be recognized. Furthermore, the probability distribution may not

follow the normal, Gaussian fashion. For measutremunts subject to large

systematic errors, the true rate constant may be much further from the

SR

recommended value than would be expected based on a Gaussian distribution with
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the stated uncertainty. As an example, the rate constants for the reactions

HO72 + NO and Cp + CAONOj have changed by factors of 30-50, occurrences which

could not have been allowed for with any reasonable values of ¢ in a Gaussian

4
distribution. -

Units

The rate constants are given in units of concentration expressed as

molecules per cubic centimeter and time in seconds. Thus, for first-, second-,

&nd third-order reactions the units of k are s-1

, em3 molecule=l 3‘1,

and cmé molecuie—2 8‘1, respectively. Cross sections .are expressed as

em? molecule‘l. base e,
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Table 1.

Rate Constants for Second Order Reactions

Uncertainty
Reaction A-Factor E/RtA(E/R) k(298K) Factor/298K Notes
Oy Reactions
0 + 0z 4 03 (See Table 2)
0+ 03 %03 + 0 8.0x10"12 2060£250 8.0x10~13 1.15 Al
0(1p) Reactions
o(1D) + N0 + Ny + Oy 4.9x10711 0£100 4.9x10~11 1.3 A2, A3
< NO + NO 6.7x10"11 0£100 6.7x10"11 1.3 A2, A3
0(1D) + HyO - OH + OH 2.2x10-10 0£100 2.2x10-10 1.2 A2, A4
o(1D) + CH4 = CiI + CHj 1.4x10-10 0£100 . 1.4x10~10 1.2 A2, A5
% Hy + CHp0 1.4x10~11 0£100 1.4x10"11 1.2 A2, A5
o(lD) + Hy 2 OH + H 1.0x10-10 0£100 1.0x10~1C 1.2 A2
o(1D) + Ny 30 + Ny 1.8x10-11 ~(107£100) 2.6x10"11 1.2 A2
o(lp) + Ny ¥ ny0 (See Table 2) .
o(lp) + 03 9 0 + 0 3.2x10"11 ~(67£100) . 4.0x10-11 1.2 A2
o(lp) + 03 20y + 0 1.2x10°10 0:100 1.2x10-10 1.3 A2, A6
207 4040 1.2x10"10 0£100 1.2x10-10 1.3 A2, A6
#*0(1D) + HCA 9 products 1.5x10"10 0100 1.5x10"10 1.2 A2, A7
o(1p) + ccpy + products 3.3x10°10 0£100 3.3x10°10 1.2 A2, A8
a(1D) + CFCp3 = products 2.3x10°10 0£100 2.3x10°10 1.2 A2, A8
o(1D) + CFyChy = producte 1.4x10"10 04100 1.4x10-10 1.3 A2, A8

*Incdicates a change from the previous Panel evaluation (JPL 83-62).

#Indicates a new entry that was not in the previous evaluation.

ISR RPN WY ST, <




Table 1. (Continued)

Uncertainty
Reaction A-Factor E/R:A(E/R) k(298K) FPactor/298K Notes
o(1D) + CF, » CF4 + O 1.8x10~13 0£100 1.8x10"13 2.0 A2, A8
o(1D) + CCR30 + products 3.6x10-10 0£100 3.6x10-10 2.0 A2, A9
o(1D) + CFC20 9 products. 1.9x10-10 0100 1.9x10°10 2.0 A2, A9
o(1D) + CFp0 @ products 7.4x10-11 0£100 7.4x10~11 2.0 A2, A9
o(1D) + NH3 9 OH + NH; 2.5x10~10 ~ 0%100 2.5x10"10 1.3 A2, A10
o(ip) + cop + 0 + coy 7.4x10"11 =(117£100) 1.1x10-10 1.2 A2
%0(1D) + HF 2 OH + F 1.4x10"10 0:100 1.4x1010 2.0 A&l
HOy Reactions
K+ 0y 3 no, (See Table 2)
H ¢+ 030K+ 0, 1.4x10~10 470200 2,9x10°11 1.25 31
H ¢ HOp = products 7.4x10"11 0£400 7.4x10~11 1.6 B2
O+OH=0, +H 2,2x10"11 ~(117£100) 3.3x10~11 1.2 B3
O + HOy » OH + Op 3.0x10-11 -(200£200) 5.9x10-11 1.2 B4
0 + Hy0p 9 OH + HOp 1.4x10"12 20001000 1.7x10-13 2.0 BS
*OH + HOp % Hz0 + Oy 1.7x10"11 ~(416£200) 7.0x10"11 1.3 B6
Y5040, 3.0x10-31[x) ~( 5004 500) 1.6x10-30[x] 2.0 B6
OH + 03  HOy + O3 1,6x10"12 9401300 6.8x10~14 1.3 B7
OH + OH 9 Hy0 + O 4.2x10"12 242£242 1.9x10~12 1.4 B8
Y Hp02 (See Table 2)
®OH + H20; & Ha0 + HOp 3.1x10-12 1872388 1.7x10~12 1.3 B9
6.1x10"12 20301400 6.7x10~15 1.2 B10

OH + Hy 9 HO ¢ H

*Indicates a change from the previous Panel evaluation (JPL 83=62).

fIndicates a new ertry that was not in the previous evaluation.
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Table 1. (Continued)

Uhéertéihﬁy A '
Reaction A-Faetor E/R:A(E/R) k(298K) Factor/298K Notaea { !
HO2 + HOp » Hy0y + 05 2.3x10"13 ~(590£200) 1.7x10-12 1.3 B1l é i .‘é
Y 10, + 07 1,7x10-33[u). ~(1000£400) 4.9%10"32(n] 1.3 Bl1 j -ﬁ

HO2 + 03 9 OH + 20, 1.4x10"14 580¢788 2.0x10"15 1.5 B12 ;
NG, Reaécions. | ,
N+0;2N0+ 0 4.4x10-12 3220£340 8.9x10-17 1.25 c1 ;
N + 03 9 NO + 0, - - <1.0x10~15 - cz '
N+NONy+o0O 3.4x10"11 . 0£100 3.4x10"11 1.3 c3 .
N + NOZ & Ny0 +.0 - . - 3.0x10"12 3 c4 li
o+no¥no, (See Table 2) %
0+ NO; » NO + 0y 9.3x10712 . 0., 9.3x10-12 1.1 cs '
i
0 + Nog ¥ no, (See Table 2) i y
0 + NO3 = 03 + NOp 1.0x10-11 01150 1.0x10~11 1.5 c6 g -,%
0 + N205 2 products . - - <3.0x10"16 - c7 i :
L ? 0 + HNO3 9 OH + NO3 _ - - <3.0x10"17 - c8 ; - 1
. i 0 + HOpNO; » products 7.0x10~11 33704750 8.6x10~16 3.0 c9 i ]

! 03 + NO + NOp + 0p 1.8x10-12 13704200 1.8x10714 - 1.2 clo

| NO + HOp » NO, + OH 3.7x10-12 ~(240480) 8.3x10"12 1.2 c1l :
*NO + NO3 » 2NO; 1.3x10-11 -(2504250) 3.0x10"11 1.3 cl2. 'g
OH + NO Y hono ' (See Table 2) |
! j
*Indicates a change from the previous. Panel evaluation (JPL 83-62). 3 |
#Indicates a new entry that was not in the previous evaluation. i
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i Table 1. (Continued) /
» b Unceftain:y
K Reaction A-Factor E/RtA(E/R) k(298K) Factor/298K Notes
oy o + N0y ¥ No, (See Table 2)
*OH + HNO3 < Hz0 + NOj (See Note C13 and # below) 1.3 ci3
» |
b OH + HOaNOy 9 products 1.3x10-12 -(380248) 4.6x10"12 1.5 cl4 i
1 Hoy + N0y ¥ HooNO, (See Table 2) i
03 + NOp + NO3 + 0p 1.2x10-13 2450£140 3.2x10-17 1.15 c1s ’a
' e
L 03 + HNOp = O, + HNO3 - - <5.0x10"19 - clé 1}
; NOz + NO3 5-N205 (See Table 2) o
B3 H
{ #N205 + Hy0 » 2HNO3 - - <2x10-21 - c17 g
¥ h
*OH + NH3 + Hy0 + NHp 3.5x10"12 925:200 1.6x10"13 1.4 ci8 .
NHy + HOp = products - - 3.4x10"11 2 c19 .
*NHy + NO » products 3.8x10-12 ~(450£150) 1.7x10~11 2 €20 |
1 *NHy + NO3 + products 2.1x10"12 -(650£250) 1.9x10"11 3 c21 s
: 4
; NHy + 02 4 products - - <3x10-~18 - c22 K
5 *NHy + O3 » products 4.8x10"12 930£500 - 2.1x10713 3 c23 ;
Ri
3 Hydrocarbon Reactions 8
: *OH + CO % COp + H See Note 1.5x10713(140.6P,pp) 1.3 Dl
A OH + CH4 = CH3 + Hp0 2.4x10"12 1710200 . 7.7x10°15 1.2 . D2
S| *OH + CHg + Ha0 + CoHg 1.1x10"11 - 10902250 2.8x10"13 1.25 D3 ;
; f OH + C3Hg & Hy0 + C3Hj 1.6x10"11 8002250 1.1x10~12 1.5 D4 k
*Indicates a change from the previous Panel evaluation (JPL 83~-62). ‘
#lndicates a new entry that was not in the previous evaluation. ;
#OH + HNO3 pressure and temperature dependence fit by k
k = 7.2 x 107}° exp(785/T) ‘
katul o =16 LA
k(M,T) = ko + __k—['u_] with k2 = 4,1 x 10 exp(1440/T)
14 20— k, = 1.9 x 10722 exp(725/T)
k, 3
. {
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CH30; + Nop ¥ cHaogNo,

(See Table 2)

Table 1, (Continued)
Uncertainty

Reactiun A-Factor E/RtA(E/R) k(298K) Factor/298K Notes
OH + CoHy = products (See Table 2) .

OH + CgHy = products (See Table 2)

OH + HyCO » Hz0 + HCO 1.0x10°11 0£200 1.0x10"11. 1.25 DS
OH + CH300H = products 1.0x10~11 0£200 1.0x10711. 2.0 D6
OH + HCN 9 products 1.2x10"13 4001150 3.1x10714 3.0 D7
*OH + CH3CN = products 4,5x10"°13 900400 2.2x10714. 2.0 D8
HOy + CHz0 9 adduct - - 4.5x10-14 10.0 D9
0 + CaHy & products 2.9x10-11 1600£300 1.4x10713 1.3 D10
0 + HyCO % products 3.0x10°11 15504250 1.6x10"13 1.25. D1l
0 + CH3 = producta 1.1x10-10 02250 1.1x10~10 1.3 D12
CH3 + 02 = products - - <3x10-16 - . n3
CHy + 02 3 CH30, (See Table 2)

CH0H + 0y » CH20 + HOp - - 2x10-12 10 D14
*CH30 + Oz = CH0 + HOp 8.4x10"14 12004300 1.5x10"15 2 D15
HCO + 03 9 CO + HOj 3.5x10"12 ~(140£140) 5.5x10"12 1.3 D16
CH3 + 03 9 products 5.4x10~12 220150 2.6x10"12 2 D17
CH307 + O3 9 products - - <1x10-17 - D18
CH30; + CH303 = products 1.6x10713 -(220%220) 3.4x10"13 1.25 . D19
*CH30p + NO » CH30 + NOy 4.2x10"12 ~(180£180) 7.6x10"12 1.2 D20

*Indicates a change from the previous Panel evaluation (JPL 83-62).

#Indicates a new entry that was not in the previoua evaluation.
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Table 1. (Continued)

g Uncarcnihty
: Reaction A-Factor E/R:ACE/R) k(298K) Factor/298K Notes
é CH30p + HOp @ CH300H + 02 7.7x10"34 -(1300¢398p)  6.0x10712 .30 b2
? #NO3 + CO = products - - <1x10"13 - D22
g #NO3 + CHp0 = products - - 6x10~16 1.5 p23
| CAOy Reactions
Ch 4 03 » CAO + 02 2.8x10711 257£100 1.2x10"11 1.15 . El ..
» Ch + Hy @ HCh + H 3.7x10711 2300£200 1.6x10714 1.25 £2
% Cp + CHy @ HCA +.CH3 9.6x10"12 13504150 1.0x10"13 1.1 E3
Ch + CgHg » HCh + CoHs 7.7x10"11 90£90 5.7x10"11 1.1, E4
i Ch + CaHig @ HCA + C3Hy 1.4x10710 -(40£250) 1.6x10-10 1.5 E5 E
L; Ch + CaHp » products - - 1x1012 10 . E6 LG
? Gh + CHaOH + CHpOH + G 6.3x1071) 0£250 6.3x10"11 2.0 £ .
‘ Ch. 4 CH3Ch = CHyCh + HCA 3.4x10-11 1260200 4.9x10713 1.2 ES : ;
Ch + CHjCCh3 » CHpCCA3 + HCA . = - <4x10714 - E9 .‘j
Cp + HpCO = HCp + HCO 8.2x10"11 - 341100 7.3x10°11 1.15 E10 ;
Cp + HyOp » HCA + HOZ 1.1x10-11 9801500 4.1x10°13 1.5 El1l i
Cp + HOCA = products 3.0x10"12 130+250 1.9x10"12 2.0 E12 R
C) + HNO3 » products . - - <1.7x10714 - E13 ,1
Ch + HOp @ HCA + 02 1.8x10"11 =(170£200) 3.2x10"}1 1.5 E14. ,i
» OH + CrO 4.1x10711 4504200 9.1x10-12 2.0 El4 -<§
Ch + Cp0 # Chp + CRO 9.8x10"11 0£250 9.8x10-11 1.2 E15 ‘é
..5

#Indicates a change from the previous Panel evaluation (JPL 83~62).

llndiclﬁcl a new entry that was not in the previous evaluation.
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| Table 1. (Continued) .
Uncertainty
Reantion A=-Factor E/R*ACE/R) k(298K) Factor/298K Notes
Ch + OCAO = CAO. + CAO 5.9x10-11 0£250 5.9x10"11 1.25 El6
. Ch 4 CAONOj » products 6.8x10"12 ~(160£200) 1.2x10-11 1.3 E17
;. cs + No ¥ Nocp (See Table 2)
%{ | Ct + NOp Y crono ccanoy) (See Table. 2)
' Ch + CANO » NO + Cpy 2.3x10~11 0+398 2.3x10°11 3.0 El8
Cr + 03 Y CAQ0 {See Table .2)
: Ch + CAOC = Chp + 0 1.4x10~10 01250 . 1.4x10-10 3.0 E19
: % CAO + CAO 8.0x10-12 0£250 8.0x10~12 3.0 E19
; ¥CLO + 0 > Ch + 0y 4.7x10"11 504100 4.0x10-11 1.3 E20
; CAO + NO = NO; + C} 6.2x10~12 -(294100) 1.7x10-11 1.15 E21
: é cro + N0z ¥ crono, (See Table 2)
i g CAO + HOp = HOCA + Oy 4.6x.0"13 -(710%338) 5.0x10"12 1.4 E22
ﬁ' | CrO # HaCO * products ~1.0x10"12 >2060 <1.0x10~15 - E23
i % *CLO + OH 9 products 1.0x10"11 ~(120£150) 1.5x10"11 1.6 E24
; g CLO + CHy = products ~1.0x10"12 »3700 <4.0x10"18 - E25
j ; CAO + Hy 9 products. ~1,0x10~12 >4800 <1.0x10"19 - E25
;J f CAO + CO = products ~1,0x10"12 >3700. <4.0x10"18 - E25
: ; CAO + N20 » products ~1.0x10~12 >4260 <6.0x10"19 - E25
- - - E26

ChO + CAOC = products . -

#Indicates a new entry that was not in the previous evaluation.

*Indicates a change from the previous Panel evaluation (JPL 83-62),
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E', Table 1. (Continued)

1
|
Uﬁc.rtnincy i
Reaction A=Factor E/R$A(E/R) k(298K) Factor/298K _ Notes \ i
: %\ CAO ¢ 03 » CAOO + 0y 1.0x10"12 >4000 <1,0x10-18 - E27 ,€
} 2 0CAO + 0 1.0x10=12 4000 ~——€1,0%10"18 - E27 H i
; 1 ®OH + HCA * Hy0 + Ch 2,6x10~12 350£100 8.0x10-13 1.2 £28 ;
o OH + HOCA 9 Hz0 4+ CLO . ... 3,0x10~12 150*338 1.8x10°12 __ 10 E29 -}
OH + CH3CA + CHaCh + H0 1.8x10-12 11122200 4,3x10°14 1.2 E30 H ‘@
g OH + CHaChy * CHCRy + Hp0 4.5x10"12 1032£200 1.4x10~13 1.2 E30 -j
OH + CHCA3 = CCA3 + Hp0 3.3x10~12 10342200 .. 1.0x10-13 1.2 E30 i
OH + CHFCAy * CFCAy + Hg0 8.9x10~13 1013£200 3.0x10"14 1.3 . E30
OH + CHFaCA 9 CFaCA + Hy0 " 7.8x10~13 1530£200 4.6x10°15 - 1.2 E30
OH + CHCAF = CHCAF + H0 2.0x10"12 11342150 4.4x10"14 1.2 E30
OH + CH3CCA3 9 CHaCCAhy + Hy0 5,4x10-12 18204200 1.2x10"14 1.3 E31 o
{ OH ¢ CyChy + products 9.4x10-12 1200£200 1.7x10"13 1.25 E32 : ‘;
; OH + CyHCA3 = products 5.0x10~13 ~(445£200) 2.2x10"12 1.25 E33 'E
OH + CFCA3 9 products ~1.0x10"12 3650 . ¢5.0x10"18 - E3% | G
OH + CFzCAhy = products ~1.0x10"12 3560 : <6.5x10~18 - E34 f
OH + CAONO; + products 1.2x10-12 333:200 3.9x10-13 1.5 . E35 'i
O + HCAL » OH + CA 1.0x10"11 © 33404350 1.4x10"16 2,0 E36 ?
0 + HOCA 9 OH 4 CpO 1.0x10-11 2200£1000 6.0x10-15 10 E37 }
0 + CAONO2 = products 3.0x10-12 8082200 2.0x10"13 1.5 . E38 ;
0 ¢ Chz0 » CAO + CAO ..2.9x10°11 630£200 3.5x1012 1.4 E39 . k

*Indicates a change from the previous Panel evaluation (JPL 83-62),

findicates & new entry that was not in the previous evaluation.
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Table 1. (Continued)
Unco:tnihty
Reaction A=Factor E/RtA(E/R) k(298K) Factor/298K Notes
O + OCAO = CAO + O 2.5x10"11 1160£300 _.  5,0x10713 1.5 E40
NO + OCAO % NOp + CAO 2.5x1012 - 6002300 3.4x10°13 1.5 E4]
#C) ¢ CHaCN = products - - <2,0x10"15 - E42
#CL + NO3 = CRO + NOy - - 7.6x10"11 2.0 . E43
#CRO + NO3 » products - - 4.0x10713 2.0 E43
#OH + Chp 9 HOCL + CA - - - 6.5%10"14 1.2 E44
#HCL + CAONO; =+ products - - <1.0x10"18 - E45
#HCA + HOZNO2 = products - - <1x10-20 - E46
BrOy, Reactions
Br + O3 @ BrO 4 0, 1.4x10"11 755200 1.1x10712- 1.2 F1.
Br + H07 < HBr + HOj 1.0x10-11 2500 ¢<2,0x10"13 - F2
Br + HyCO < HBr + HCO 1.7x10"11 800+200 1.1x10"12. 1.3 F3
*Br + HOp 3 HBr + 0 - - 8.0x10713 3.0 Fé
BrO + O » Br + 03 3.0x10-11 02250 3.0x10"11 3.0 FS
Bro + CAO + Br + OCAO 6.7x10"12 0£250. 6.7x10"12 . 2.0 F6.
+ Br 4 CA + 03 6.7x10-12 0£250 6.7x10"12 2.0 F6
BrO + NO » NOp + Br 8.7x10-12 ~(265£130) 2.1x10"11 1.15 F7
Bro + NOp 3 BroNoy (See Table 2)
Bro ¢ Br0 3 2 Br + 0p 1.4x10-12 -(150£150) 2.3x10"12 1,25 F8
4 Bry + 0 6.0x10"14 -(600£600). ... 4.4x10"13 1.25 F8

*Indicates a change from the previous Panel evaluation (JPL 83-62).

f#indicates a new entry that was not in the previous evaluation.
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Table 1. (Continued)

R At S50 asaaioud

L Mo A T PR

Uhcortninty

Reaction A-Factor E/RzA(E/R) k(298K) Factor/298K Notes
BrO + 03 @ Br + 2 0g ~1x10"12 »1600 . .._<5.0x10713 - F9
Br0o + HOy » products - - 5,0x10"12 3.0 F10
BrO + OH = products - - 1.0x10"11 5.0 Fil
*OH ¢ HBr = H0 + Br 1.1x10"11 01250 1.1x10"11 1.3 F12
OH + CH3Br # CHBr + H20 6.1x10°13 825:200 3,8x10"14 1.25 F13

O + HBr » OH ¢ Br ' 6.6x10"12 15404200 3.7x10"14 1.3 Fl4
#0H + Brp = HOBr ¢ Br - , - 4.8x10"11 1.3 F15

FOx Reactions

F+032F0+0; __ 2.8x10°1 . 226$200 1.3x10"11 . 2.0 ol

F+Hy 2 HF ¢+ H 1.6x10-10 525250 2.7x10"11 1.3 G2

F + CHy - HF + CH3 3.0x10-10. . 400:£300 8.0x10"11 1.5 G3
*F + HyO » HF + OH 4.2x10"11 400200 1.1x10"11 3.0 a4

F + 0 Y FO2 (See Table 2)

r + 8o 3§ Fro (See Table 2)

F + N0, 3 FNo,(FONO) (See Table 2)

NO + FO @ NOp + F 2.6x10~11 0£250 2.6x10°11 2.0 G5 .

FO + FO 2 F + 03 1.5x10711 0£250 . 1.5x10"11 3.0 G6

FO + 032 F + 2 03 - - - - a7

4 FOz + 0 - - - - G7
Fo + Nop ¥ Fovo, (See Table 2)

*Indicates a change from the previous Panel evaluation (JPL 83-62).

#Indicates a new entry that was not in the previous evaluation.
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Table 1. (Continued)

R
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vUﬁcertainty
Reaction A-Factor E/R:+A(E/R) k(298K) Factor/298K Notes
0+ FOSF+ 0y 5.0x10-11 02250 5.0x10-11 3.0 G8
0 + FOp » FO + 0y 5.0x10-11 0£250 5.0x10"11 5.0 69
#CF302 + NO @ CF30 + NOZ _3.9x10"12 ~(400£200) 1.5x10°11 1.3 610
#CF,CAOp + NO + CFCRO + NOp  3.1x10712 ~(500£200) 1.6x1071! 1.3 10
#CFC20p + NO & CFCA20 + NOp  3.5x10712 ~(4304200) 1.5x10-11 1.3 . 610
#CCA307 + NO 2 CCR30 + NOp 5.7x10~12 -(330£200) 1.7x10~11 1.3 Gl10 .
S0y Reaccions
OH + HyS » SH +.H0 5.9x10"12 65165 4.7x10712. 1.2 H1
*0H + OCS = products . 3.9x10"13 17804500 1.0x10"15 10 H2
OH + CS; » products (See Note) - - - H3
o + 50, ¥ Hoso, (See Table 2)
O + HyS 2 OH + SH 1.0x10"11 ' 1810550 2.2x10"14 1.7 _H4
0 4 0CS 9 CO + SO 2.1x10"11 2200£150... 1.3x10"14 1.2 HS
O + CSy # CS + SO 3.2x10-11 650£150 3.6x10"12 1.2 Hé
O+ SHH+.80 - - 1.6x10"10 5.0 H7
S+ 0y98040 2.3x10712 04200 2.3x10"12 1.2 H8
S + 039S0+ 0 - - 1.2x10"11 2.0 HY
S +OH=5S0¢+H - - 6.6x10-11 3.0 H10
SO 4+ 07 3 503 + O 2.4x10"13 23704500 8.4x10"17 2 H1l
SO + 03 @ 507 + 0 3.6x10~12 1100£200 9.0x10"14 1.2 H12

#Indicates a new entry that was not in the previous evaluation.
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Table 1. (Continued)
- Uncertainty
Reaction A-Factor F/RA(E/R) k(298K) Factor/298K Notes
SO+ OH.950; + H . - - 8.6x10"11 2.0 H13
80 + NOp + 0y + NO - - 1,4x10-11 1.3 H14
SO ¢ CAO 9 507 + C} - - 2.3x10~11 3.0 H15
SO + OCAO = SOp + CAO - - 1.9x10°12 3.0 H15
SO + BrO - S0 + Br - - >4.0x10"11 - H15
§0, + HOy = products - - <1.0x10~18 - H16
CHl30p + SO = products - - ¢5.0x10"17 - H17
*SH 4 0y 9 OH + SO - - <1.0x10"17 - H18
Ch + HpS 9 HCA + SH - - 7.3x10°11 - 1.4 H19
CL +# 0OCS & SCA + CO - - <1.1x10"16 - H20
CAO + 0CS < products - - <2.4x10"16 - H20
CAO + SOy  CA + 503 - - - <4.0x10°18 - H20
#SH + H202 = products - - <5x10~13 - H21
#SH + 03  HSO + 0p - e - 3.2x10"12 3.0 H22
#HSO + 039 products - - 1x10~13 5.0 H22
#SH + .NO; = HSO + NO - - 3.2x10°11 1.5 H23
#s + No ¥ nswo (See Table 2)
#HOSO, + 0y 9 HOp + SO3 - - 4.0x10713 3.0 H24
#503 + NO; » products - <2x10~26 - H25
#S03 + NOp & products - - 1.0x10-19 10 H25

*Indicates a change from the previous Panel evaluation (JPL 83-62).

#indicates a new. entry that was not in the previous evaluation.
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Table 1. (Continued) J

5 Uncertainty
;ﬂ Reaction , A-Factor E/R:A(E/R) __k(298K) Factor/298K __ Notes _ \ J
i #8307 + 03 » 803 + 03 3,0x10"12 >7000 <2x1022 - - H26 f
:. #CS + O » OCS + O - - 2.9x10°19. 2.0 H27 ; “%
: #CS + O3 @ 0OCS + 02 - - 3,0x10"16 3.0 H28 1
#CS + NOz » OCS + NO - - 7.6x10"17 3.0 H28 l
Metal Reactions %
#Na + O3 9 NaO + 02 5x10~10 0£400 5%10"10 1.5 J1 é

2 Na0y + 0 <3x10-11 02400 ¢3x10711 - a1
#Na + 02 5 NaOp (See Table 2)

#NaO + HCL = products 2.8x10710 02400 2.8x10-10 3.0 J2 B
2.8x10710 02400 2.8x10710 30 33 k

#NaOH + HCA = NaCh + H0

#indicates a change from the previous Panel evaluation (JPL 83-62),

¢#Indicates a new entry that was not in the previous evaluation.
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NOTES TO TABLE 1

Al. O + 03. The recommended rate expression. is from Wine et al. (1983) and is
a linear least squares fit of all data (utoeei~hted) from Davis et al.
(1973b), McCrumb and Kaufman (1972), West et al. (1978), Arnold and Comes
(1979), and Wine et al. (1983).

A2. O(1D) Reactions. These recommendations are based on averages of the
absolute rate constant measurements reported by Streit et al. (1976),
Davidson et al. (1977) and Davidson et al. (1978) for N30, H20, CHy, Hp,
N2, 02, O3, HCA, CChy, CFCA3, CFaCha, NH3, and €023
by Amimoto et al. (1978), Amimoto et al. (1979), and Force and
Wiesenfeld (198la,b) for N0, H30, CHy4, N2, Hp, 02, O3, CO2, CCAy4,
CFCL3, CFaChp, and CF43 by Wine and Ravishankara (1981, 1982, 1983).
for N70, Hy0, Nz, Hp, 03, COz, and CF0; by Brock and Watson (private
communication, 1980) for Nj, Oy and COp; by Lee and Slanger (1978 and
1979) for Hp0 and Op; and by Gericke and Comes (1981) for Hj. The weight
of the evidence from these studies indicates that the results of Heidner
and Husain (1973), Heidner 25.5&'.51973) and Fletcher and Husain (1976a,
1976b) contain a systematic error. For the critical atmospheric.
reactants, such as N0, Hz0, and CH4, the recommended absolute rate
constants are in good agreement with the previous relative meaurements .
when compared with Ny as the reference reactant. A similar comparison

with 0y as the reference reactant gives somewhat. poorer agreement. Wine

and Ravishankara (1982) have determined the yield of o(3p) from o(lp) + Hy

is <4.9%.

A3. 0(1D) + Nj0. The branching ratio for the reaction of o(1p) with
N20 to give Nz + 03 or NO + NO is an average of the values reported
by Davidson et al. (1979); Volltrauer et al. (1979); Marx et al.
(1979) and Lam et al. (1981), with a spread in k(NO + NO)/k(TOTAL) =
0.52 - 0.62. The recommended branching ratio agrees well with earlier
measurements of the Ny quantum yield from N30 photolysis (Calvert and
Pitts 1966b). The O(1D) translational energy and temperature dependence
effects are not clearly resolved. Wina and Ravishankara (1982) have

determined that the yield of o(3p) from o(lp) + N20 is <4.0%.
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The uncertainty for this reaction includes factors for both ‘the overall

rate coefficient and the branching ratio.

o(lp) + H20. Measurements by Zellner et al. (1980) indicate 1(+0.5
or ~1)% of the 0(lD) + H20 reaction products are Hy + 0z. Wine

and Ravishankara (1982) have determined that the yield of O(3P) from
o(1D) + Hp0 is <(4.9 * 3.2)%.

o(1p) + CHy. The branching ratio for the reaction of 0(!D) with CH, to
give OH + CH3 or CH0 + Hp is from Lin and DeMore (1973). A molecular
beam study by Casavecchia et al. (1980) indicates that an additional path
forming CH30 (or CHpOH) + H may be important. This possibility requires
further investigation. Wine and Ravishunkara (1982) have deterﬁined that
the yield of 0(3P) from 0(ID) + CH4 is <4.3%.

o(lp) + 03. The branching ratio for reaction of 0(1D) with 03 to give 0j
+.0p or O + O + O is from Davenport et al. (1972). This is supported by
measurements of Amimoto et al. (1978) who reported that on .average one
ground state O is produced per 0(1D) reaction with O03. —It seems unlikely
that this could result from 100% quenching of the o(lp) by 03.

0(1D) + HCA. The recommendation is the average of measurements by
Davidson et al., (1977) and Wine et al. (private communication, 1984).
Product studes by the latter indicate: O(3P) + HCL (10 * 3)%; H + CrO (23
+ 5)%; and OH + CA > 59%.

0(1D) + halocarbons. The halocarbon rate constants are for the total
disappearance of 0(1D) and probably include physical quenching. Products
of the reactive channels may include CX30 + X, CX30 + X3, and CX3 + XO,
where X = H, F, or Ct in various combinations. Chlorine and hydrogen are
more easily displaced than fluorine from halocarbons as indicated by
approximately 100% quenching for CF4. A useful formula for eatimafing
0(1D) removal rates by methane and ethane type halocarbons was given by
Davidson et al. (1978): k(CpHgFuCho) = 0.32a + 0.030b + 0.74c (in units
10~10 ¢n3 molecule~l s~1). This expre;sion does not work for molecules
with extensive fluorine substitution. Some values have been reported for

the fractions of the total rate of disappearance of 0(lp) proceeding
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A9.

AlOQ.

All.

Bl.

through quenching and reactive channels. For CChyt quenching = (14:6)%
and reaction = (86:6)%, (Force and Wiesenfeld, 198la); for CFCA3:
quenching = (25:10)%, CpLO formation = (60:15)% (Donovan, private
communication, 1980); for CFaCA2: quenching = (14£7)% and reaction =
(86214)% (Force and Wiesenfeld, 198la), quenching = (20£10)%, CpO
formation = (55+15)% (Donovan, private communication, 1980); for CFy4:
quenching = 100% (Force and Wiesenfeld, 1981a),

o(1D) + cCry0, CFCLO and CF20. For the reactions of 0(1D) with

CCL20 and CFCRO the recommended rate constants.are derived from data of
Fletcher and Husain (1978). For consistency, the recommended values for
these rate constants were derived using a scaling factor (0.5) which
corrects for the difference between rate constants from the Husain
Laboratory and the recommendations for other O(ID) rate constants in
this table. The recommendation for CF20 is from the data of Wine and
Ravishankara (1983). Their result is preferred over the value of Fletcher
and Husain (1978) because it appears to follow the pattern of decreased
reactivity with increased fluorine substitution observed for other
halocarbons. These reactions have .been studied only at 298 K. Based on
consideration of similar o(1p) reactions, it is assumed that E/R equals -

zero, and therefore the value shown for the A-factor has been set equal
to k(298 K).

o(lp) + NH3. Sanders et al. (1980a) have detected the products
NH(alA) in addition to OH formed in the reaction 0(lD) + NH3. They

report the yield of NH(alA) is in the range 3-15% of the amount of OH
detected.

O(ID) +.HF. Rate coefficient and product yield measured by Wine et
al., (1984, private communication). The 0(3p) yield is less than 4%.

H + 03. The recommendation is an average of the recent results of Lee et
al. (1978b) and Keyser (1979), which are in excellent agreement over the
200-400 K range. An earlier study by Clyne and Monkhouse (1977) is in
very good agreement on the T dependence.in the range 300-560 K but lies
about 60% below the recommended values. Although we have no reason not to

believe the Clyne and Monkhouse values, we prefer the two studies that are
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in excellent agreement, especially since they were carried out over the T
range of interest. Recent results by Finlayson-Pitts and Kleindiensat

(1979) agree well with the present. recommendations. Reports of a channel
forming HOy + O (Finlayson-Pitts and Kleindienat, 1979: ~25%, and Force i

and Wiesenfeld, 1981b: ~40%) have been contradicted by other studies
1980a: < 6%; and e

EUSURY. P e

(Howard and Finlayson-Pitts, 1980: < 3%; Washida et al.,
Finlayson-Pitts et al., 1981: < 2%). Secondary chemistry is believed to
be responsible for the ohserved O atoms in this system. Washida et al. :
(1980c) measured a low limit (X 0.1%) for the production of singlet "'ﬁ

molecular oxygen in the reaction H + O3.

H + HOjz. There are four recent studies of this reaction:
Hack et al. (1978b), Hack et al. (1979¢), Thrush and Wilkinson 5
(1981b), and Sridharan et al. (1982). Related early work and combustion : g

g

studies are referenced in the latter paper. All four studies used
discharge flow systems. It is difficult to obtain a direct measurement of
the rate constant for this reaction because both reactants are radicals
and the products OH and. O are very reactive toward the HOg reactant.

The recommendation is based on the data of Sridharan et al. because

their measurement was the most direct and required the fewest corrections. | B

1.3) x 10-11 ¢cm3 molecule”l s~1 by

The other measurements, (5.0 ¢
Thrush and Wilkinson (1981b) and (4.65 + 1) x 10~11 by Hack et al.

(1979c) are in reasonable agreement with the recommended value. Hack et

S
3

al. (1978b) and Sridharan et al. (1982). reported 3 product .channels:
(a) 20H, (b) H30 + O, and (c) Hp + 02. The former gave kg/k =

0.69, kp/k S 0.02, and kc/k = 0.29 and the latter gave ko/k = 0.87 ¢
0.04, ky/k = 0.04 ¢ 0.02, and ko/k = 0.09 ¢ .045. Hislop and Wayne
(1977) reported on the possibility of-Oz(bIE) being formed in channel
(c) in (2.8 £ 1.3) x 10'4 of the total reactions. There are no studies é

T SHPRRPIR
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of the temperature dependence of the rate constant or the product ratios
in the range of atmospheric interest. Tt is likely that the dominant
channel at room temperature, (a), which occurs on a radical-radical
recombination surface will increase with decreasing temperature and that
the others which involve insertion or abstraction will decrease with

decreasing temperature. Further high quality studies are needed.
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B3,

B4.

B5.

B6.

O + OH, The rate constant for O + OH is a fit to three temperature
dependence studies: Westenberg et al. (1970a), Lewis and Watson (1980),
and Howard and Smith (1981), This recommendation is consistent with
earlier work near room temperature .as reviewed by Lewis and Watson (1980)
and with the recent measurements of Brune et al. (1983), The ratio

k(0 + HO2)/k(O + OH) measured by Keyser (1983) agrees with the

rate constants recommended here.

O + HO3. The recommendation for the O + HO reaction rate constant is the
average of four studies at room temperature (Keyser, 1982, Sridharan

et al., 1982, Ravishankara et al., 1983b and Brune et al., 1983) fitted to
the temperature dependence given by Keyser (1982). Earlier studies by
Hack et al. (1979a) and Burrows et al. (1977, 1979) are not considered,
because the OH + H20, reaction was important in these studies and.the

value used for its rate constant in their analyses has been shown to be in.

error. Data from Lii et al. (1980c) is not .considered, because it is
based on only four experiments and involves a curve fitting procedure that
appears to be insensitive to the desired rate constant. Data from
Ravishankara et al. (1983b) at 298 K show no dependence on pressure
between 10 and 500 Torr Nz. The ratio k(O + HO3)/k(0 + OH) measured by

Keyser (1983) agrees with the rate constants recommended here.

0 + Hy02. There are two direct studieé of the 0 + Hy09 reaction:

Davis et al. (1974¢) and. Wine et al. (1983). The recommended value is

a fit to the combined data. Wine et al. suggest that the earlier
measurements may be too high because of secondary chemistry. The A
factor for both data sets is quite low compared to similar atom-molecule
reactions. An indirect measurement of the E/R by Roscoe (1982) is

consistent with the recommendation.

OH + HOp. Four measurements of the rate constant at low pressure (1-3
torr) in discharge-flow systems all give values near 7 x 10-11 cp3
molecule~l s~1: Keyser (1981), Thrush and Wilkinson (198la), Sridharan et
al. (1981), and Temps and Wagner (1982). The latter two studies supersede
earlier work which reported lower values from the same laboratories, Chang
and Kaufman (1978) and Hack et al. (1978a). Separate studies at pressures

near one atmosphere obtain consistently a larger rate constant, about 1.1
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x 10710; 144 et al. (1980a), Hochanadel et al. (1980), DeMore (1982), Cox
et al. (1981) and Braun et al. (1982). Leas definitive measurementa by

Burrows et al. (1981) and Kurylo et al, (1981) are in reasonable

agreement. DeMore (1982) reports rate constants that increase from about

. 7 x 10711 at 75 torr to about 1.2 x 10-10 at 730 torr. The present
recommendation is for a rate conatant that increases linearly with
pressure from 7 x 101! at low pressure to.1.1 x 10710 at one atmosphere
and 298 K. The separate components are given different temperature

coefficients. For the low pressure component the direct measurements of

Sridharan et al. (1984) are adopted. For the pressure dependent
component, a somewhat larger temperature coefficient is estimated by
analogy to the HOp + HO; reaction. Although this recommendation »
incorporates the most reliable and thorough studies, it has not been
reconciled in terms of the current models of reaction rate theory.
Burrows et al. (1981) and DeMore (1982) did not observe any water vapor

effect at 298 K. Further direct studies of the temperature and pressure

dependences and products of this reaction are required.

B7. OH + 03. The recommendation for the OH + O3 rate constant is based on -1
the room temperature measurements of Kurylo (1973) and Zahniser and Howard i :
(1980) and the temperature dependence studies of Anderson and Kaufman ,
(1973) and Ravishankara et al. (1979b). Kurylo's value was adjusted ; 3
(~8%) to correct for an error in the ozone concentration measurement :
(Hampson and Garvin, 1977). The Anderson and Kaufman rate constants were ,:

normalized to k = 6.3 x 10-14 cm3 molecule~l s~1 at 295 K as j

suggested by Chang and Kaufman (1978).

B8. OH + OH. The recommendation for the OH + OH reaction is the avérage of

six measurements near 298 K: Westenberg and de Haas (1973a), McKenzie et
al. (1973), Clyne and Down (1974), Trainor and von Rosenberg (1974),
Farquharson and Smith (1980) and Wagner and Zellner (1981). The rate
constants for these studies all fall between (1.4 and 2.3) x 10~12 ¢p3

f molecule~! s~1, The temperature dependence is from Wagner and

Zellner, who reported rate constants for the range T = 250-580 K.

B9. OH + H202. There are extensive data on the OH + HZOZ reaction.

The recommendation is a fit to the temperature dependence studies of
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Keyser (1980b), Sridharan et al. (1980), Wine et al. (198lc) and Kurylo et
al, (1982b). The first two references contain a discussion of some
posaible reasons for the discrepancies with earlier work and an assessment
of the impact of the new value on other kinetic studies., A measurement at
298 K by Marinelli and Johnston (1982a) agrees with the recommendation.
There is some evidence that the E/R decreases with temperature as
discussed by Lamb et al. (1983), therefore the recommendation incorporates

a large error limit on the temperature dependence.

OH + Hy. The OH + Hy reaction has been the subject of numerous

studies (see Ravishankara et al. (1981b) for a review of experimental

and theoretical work). The recommendation is fixed to the average of
nine studies at 298 K: Greiner (1969), Stuhl and Niki (1972), Westenberg
and de Haas (1973c), Smith and Zellner (1974), Atkinson et al. (1975), .
Overend et al. (1975), Tully and Ravisharkara (1980), Zellner and
Steinert (1981), and Ravishankara et al. (1981b). The E/R is an average
of five temperature dependence studies: Greiner (1969), Westenberg and de
Haas (1973c), Smith and Zellner (1974), Atkinson et al. (1975), and
Ravishankara et _al. (1981lb).

HO2 + HOz. Two separate expressioné are given for the rate constant for
the HOp + HOp reaction. The effective rate constant is given by the sum
of these two equations. This reaction has been shown to have a pressure
independent bimolecular component and a pressure dependent termolecular
component. Both components have negative temperature coefficients. The
bimolecular .expression is obtained from data of Cox and Burrows (1979),
Thrush and Tyndall (1982a,b), Kircher and Sander (1984), and Takacs and
Howard (1984). Earlier results of Thrush and Wilkinson (1979) are
inconsistent with these data. The termolecular expression is obtained
from data of Sander et al. (1982), Simonaitis and Heicklen (1982) at room
temperature and Kircher and Sander (1984) for the temperature dependence.
This. equation applies to M = air. On this reaction ayﬁtem there is.
general agreement among investigators on the following aspects of the
reaction at high pressure (P ~ 1 atm): (a) the HO2 uv absorption croes
section: Paukert and Johnston (1972), Cox and Burrows (1979), Hochanadel
et al. (1980), and Sander et al. (1982); (b) the rate constant at 300 K:

Paukert and Johnston (1972), Hamilton (1975), Hamilton and Lii (1977), Cox
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and Burrows (1979), Lii et al. (1979), Teuchiya and Nakamura (1979),
Sander et _al. (1982), and Simonaitis and Heicklen (1982) (all values fall
in the range (2.5 to 4.7) 10-12 cm3 molecule=! 8~1): (¢) the rate
constant temperature dependence: Cox and Burrows (1979), Lii et al.
(1979), and Kircher and Sander (1984); (d) the rate constant water vapor
dependence: Hamilton (1975), Hochanadel et al. (1972), Hamilton and Lii
(1977), Cox and Burrows (1979), DeMore (1979), Lii et al. (1981), and
Sander éﬁ_él' (1982); (e) the H/D. isotore effect: Hamilton and Lii (1977)
and Sander et al. (1982); and (£) the formation of Hp0p + O as the major
products at 300 K: Su et al. (1979b), Niki et al. (1980), Sander et al.
(1982), and Simonaitis and Heicklen (1982). Measurements by Sahetchian et
al., (1982) give evidence for the formation of a small amount of Hp near.
500 K in this system, Glinski and Birks (1984) report an upper limit of 1%
Hy yield at a total pressure of about 50 torr and. 298 K. For systems
containing water vapor, the factors given by Lii et al. (1981) and Kircher
and Sander (1984) can be incorporated:,[l + 1.4 x 10-21 exp(2200/T)][H20J.

HO2 + O3. There is only one direct study of the HOp + 03 reaction
(Zahniser and Howard, 1980). This is the basis of thé recommendation.
Three indirect studies, all using HOp + HOp as the reference reaction, are
in good agreement when the negative. temperature depenidence of the
reference reaction .is consiczred (Simonaitis and Heicklen, 1973; DeMore
and Tschuikow-Roux, 1974; and DeMore, 1979). Another direct study would

be valuable. The A factor is unusually low.

N+ Oé. The activation energy is based on Becker et al. (1969). The
value and uncertainty at 298 K are assigned from the average of Clyne and
Thrush (1961), Wilson (1967), Becker et al. (1969), Clark and Wayne (1970)
and Westenberg et al. (1970b). Independent confirmation of the

temperature dependence is needed.

N ¢+ 03. The recommendation is based on results of Stief et al. (1979).
Note that this is an upper limit based on instrumental sensitivity.
Results of Stief et al. and Garvin and Broida (1963) cast doubt on the
fast rate reported by Phillips and Schiff (1%62).
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N + NO.  Recommendation is hased on the reaults of Lee et al. (1978¢), A

recant study of Husain and Slater (1980) reports a room temparature rata
conntant 30 percent higher than the recommended value.

-N + NOg. The Panel accepts the results of Clyne and Ono (1982) for the

value of the rate conatant at 298 K. This is .a factor.of 2 higher than

that reported by Clyne and McDermid (1975}, However, Clyne and Ono

consider that the more recent study is probably more reliable. Husain and
Slater (1980) reported a room temperature rate constant of 3.8.x 10™1l ¢p3
molecule~! 8=l which is a factor of 12 greater than the. value reported by
Clyne and Ono. This high value may indicate the preseénce of catalytic
cycles as discussed by Clyne and McDermid, and Clyne and Ono. There are no
studies of the temperature dependence of the rate constant. The reaction i
products are taken to be N30 + O (Clyne and McDermid). .

O + NOj. Based on results of Davis .et al. (1973a), Bemand et al. (1974)

.

and Slanger et al. (1973), there may be a slight negative temperature

¢coefficient, but the evidence at low temperature is uncertain.

O + NO3. Based on the study of Graham and. Johnston (1978) and 298 K and

329 K. While limited in tempefature.range, the data indicate no

temperature dependence. . Furthermore, by analogy with the reaction of 0 i

with NO, it is assumed that this rate constant is in fact independent of }

temperature. Clearly, temperature dependent studies are needed.

O + N205. Based on Kaiser and Japar (1978),

accepted.

The upper limit reported by Chapman and Wayne (1974) is

O + HOpNO2. The recommended value is based on the study of Chang et al.

(1981): The large uncertainty in E/R and k at 298 K are due to the fact
that this is a single study.

03 + NO. . The recommended Arrhenius expression is a least squares fit to
the data reported by Birks et al. (1976), Lippmann et al. (1980), Ray and
Watson (1981b), Michael et al. (1981) and Borders and Birks (1982) at and
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below roem temperature, with the data at closely spaced temperatures
veported in Lippmann et al. and Borders and Birks being grouped together
A0 that theae five studies are weighted equally. This expression fits all
the data within the temperature range 195-304 K reported in these five
studies to within 20 percent. Only the data between 195 and 304 K were
used to derive.the recommended Arrhenius expression due to the observed
non-linear Arrhenius behavior (Clyne et al. (1964), Clough and Thrush
(1967), Birks et al., Michael et al. and Borders and Birks). Clough and
Thrush, Birks et al., Schurath et al. (1981), and Michael et al. have all
reported individual Arrhenius parameters for each ¢f the two primary
reaction channels, The range of values for k at stratospheric
temperatures is somewhat larger than would be éxpected for such an easy
reaction to.study. The measurements of Stedman and Niki (1973) and Bemand
et al. (1974) of k at 298 K are in excel ent agreement with the

recommended value of k at 298 K.

NO + HOp. The recommendation for HOp + NO is based on the average of six.
méasuréements of the rate constant. near room temperature: Howard and
Evenson (1977), Leu (1979), Howard (1979), Glaschick~Schimpf et al.
(1979), Hack et al. (1980), and Thrush and Wilkinson (1981a). All of ..
these are.in quite good agréeement. An earlier study from the Thrush
Laboratory, Burrows et al. (1979), has been dropped because of an érror in
the reference rate constant, k(OH + H202). The témperature dependence is
from Howard (1980) and is in reasonable agreement with that given by Leu
(1979). A high pressure study is needed in view of the many unusual

effects seen in the HOy reactions.

NO + NO3. Changed from JPL 83-62. The values of Torabi and Ravishankara
(1984) measured by fast flow (3.16 x.10~11) and flash photolysis (2.95 x
10-11) techniques are in excellent agreement with the value of 2.9 x 10~11
measured by Hammer et al. (1985). .The recommendation is an average of
these three direct studies. The T depe¢ndence is based on preliminary work

from Hammer et al. (1985),
OH + HNO3. Changed from JPL 83-62. The intensive study of this reaction

over the past few years has significantly reduced many of the apparent

discrepanciea among (a) the early studies yielding a low, temperature

48

" aTaay e ot

R e £t e

PO RS -E Ty

e aay

B S

¢ ——— b e

et B o i S e M b, B




+ ARG il i ottt 7l ads o LML 2 R L M P B AL i
S o X I Rl v N » T “ K W. b At bt o 1t DA s A o, THRELEEL S SR AT IEERTNR R T R

independent rate conatant (Smith and Zellner, 1975 and Margitan et al.,
1975); (b) more recent work (moatly flash photolysis) with a k(298)

approximately 40% larger, and a strong negative T dependence below room
temperature (Wine et al., 1981b; Kurylo et al., 1982a; Margitan and i
Watson, 1982; Marinelli and Johnston, 1982a; Ravishankara et al., 19823 ‘
Jourdain et al., 1982; C. A. smith _et al., 1984); and (c) recent ~ j
discharge flow studies yielding the lower value for k(298) but showing _ E

substantial negative T dependence (Devolder et al., 1984; Connell and \-
Howard, 1985). Major features of the data are (1) a strong negative T o 1

dependence helow room temperature, (2) a much weaker temperature

dependence above room temperature, possibly leveling off around 500 K, (3)

b a small, measurable pressure dependence which becomes greater at low
temperatures. The preeauré dependence has been determined by Margitan and "y
Watson (1982) over the ranges 20~100 torr and 225-298 K and by Stachnik et
al. (1985) at preasures of 10, 60 and 730 torr at 298 K and 248 K. The

& two studies are in- excelient agreement. Their "low pressure limit" agrees
& well with the average k(298) = 1.0 x 10~13 cm3 s~1 derived from the 4 low g
pressure discharge flow studies. The values measured for pressures
typical of the other flash photolysis studies (20-50 torr) also agree
well. The two pressure dependence studies indicate that the high pressure
limit is approximately 50% greaﬁet than the low pressure limit at 298 K,

and about ‘a factor of 2 greater at 240 K. Thus, over the narrow pressure

ranges explored in most flash photolysis studies, the P-dependence would
escape notice. For temperatures below 300 K, the pressure and temperature

dependence can be represented by combining a low pressure (bimolecular)

limit, kg, with a Lindemann-Hinshelwood expression for the P dependence:

k= 7.2 % 1071% exp(785/1) S

k,[M] ~16

k(M,T) = k_+ with k, = 4.1 x.10 exp(1440/T) o

° k3[M] 2 : !

1+ 7% -33 !

2 ky = 1.9 x 10 exp(725/T) i 3

where k3 and kp are the termolecular and high pressure limits for the b
nassociation" channel. .The value of k at high pressures is the sum ko + i

k. The weak pressure dependence and weak T dependence above 300 X |
explain many of the apparent discrepancies for all the data (including the i

1975 studies) except for a few minor features which are probably due to
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the normally encountered experimental scatter: The Smith and Zellner flash
photolyais values are low compared to other flash systems (closer to the
flow studies), although the difference is not unusual (~30%), Conversely,
the Jourdain et al. flow study is high relative to.the other ones. The
Connell and Howard T dependence (below 300 K) is significantly weaker than
the other studies. The failure of Smith et al. to observe a pressure
effect between 50 and 760 torr, even at 240 K, is in sharp conflict with
the effect seen by Stachnik et al. over the same range in a much more
detailed study. Nelson et al. (1981), Jourdain et al. and Ravishankara
et_al. have all shown that within experimental error the yield of NO3 (per
OH removed) is unity at 298 K, with similar results at 250 K (Ravishankara

et al.).

OH + HO2MO3. The recommendation for both k at 298 K and the Arrhenius
expression is based upon the data of Trevor et al. (1982), Barnes et al.
(1981) and C. A. Smith et _al. (1984). Trevor et al. studied this reaction
over the temperature range 246-324 K and reported a temperature invariant
value of 4.2 x 10~12 cn3 molecule~l a‘l, although a weighted least squares
fit to their data yields an Arrhenius expression with an E/R value of (193
+ 193) K. In contrast, Smith et al. studied the reaction over the
temperature range 240-300 K and observed .a negative temperature dependence
with an E/R value of -(650 t 30) .K. Barnes et al. only studied the
reactlon at room temperature. The values of k at 298 K from the three
studies are in excellent agreement. An unweighted lea;t squares fit to
all the experimental data of Trevor et al., Barnes et al., and Smith et
al. yields the recommended Arrhenius expression. The less precise value
for k at 298 K reported by Littlejohn and Johnston (1980) 1is in fair
agreement with the recommended value. The error limits on the recommended .
E/R are sufficient to encompass the.resultas of both Trevor et al. and
Smith et al. I should be noted that the values of k at 220 K deduced from
the two studies differ by a factor of 2. Clearly additional studies of k

as a function of temperature, and the identification of the reaction

products are needed.

03 + NOjy. Based on least squares fit to data in studies of Davis et al.
(1974b), Graham and Johnston (1974) and Huie and Herron (1974).
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03 + HNO3. Based on Kaiser and Japar (1977) and Streit et al. (1979).

N2Og + Hp0. New entry. Upper limit based on Tuazon et al. (1983), who
suggest that this limit may be close to the trusa homogeneous rate
constant.,

OH + NH3. Minor change from JPL 83-62. The recommended value at 298 K

is the average of the values reported by Stuhl (1973b), Smith and Zellner
(1975), Perry et _al. (1976b), Silver and Kolb (1980), and Stephens (1984).
The valuea reported by Kurylo (1973), Hack et al. (1974), Pagsberg et al.
(1979) and Cox et al. (1975) were not included. .The temperature
dependence is based on the results reported by Smith and Zellner, Perry et
al., Silver and Kolb, and Stepliens, and the pre-exponential factor has

been selected to fit the recommended room temperature value.

NHy + HO2. There 1s fairly good agreement on the value of k at 298 K
between the direct study of Kurasawa and Lesclaux (1980b), and the
relative studies of Cheskis and Sarkisov (1979) and Pagsberg et al.
(1979). The recommended value is the average of the values. repozted in
these three studies.. The identity of the products is not knownj; however,
Kurasawa and Lesclaux suggest that the most probable reaction channels

give either NH3 + O) or HNO + Hy0 as products.

NH; + NO. Minor change from JPL 83-62. The recommended value for k at
298 K 1s the average of the values reported by Gordon et al. (1971),
Gehring et al. (1973), Lesclaux et al., (1975), Hancock et al., (1975),
Sarkisov et al. (1978), Hack et al. (1979b), Stief et al. (1982), Silver
and Kolb (1982), and Whyte and Phillips (1983). The valuea reported in
these studies for k at 298 K range from 8.3 to 27.0 (x 10~12) cm3d
molecule~l s'l, which is not particularly satisfactory. The results tend
to separate into two groups. The flash photolysis results average 1.9 x
10~11 ¢m3 molecule~! 8!, while those obtained using the discharge flow
technique average 0.9 x 10~11 ¢m3 molecule~! s=1. The apparent
discrepancy cannot simply be due to a pressure effect as the pressure
ranges or the flash photolysis and discharge flow studies overlapped, and
none of the studies observed a pressure dependence for k. There have been

four studies of the temperature dependence of k. Each study reported k to
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decrease with increasing temperature, i.,e T~1:25 (legclaux et al. from
300-500 K), T71+85 (Hack et al. from 210-503 K), T1+67 (stief

et al. from 216-480 K) and T=2.3 exp(~684/T) (Silver and Kolb from
294-1215 K). The recommended temperature dependence is taken to be a
weighted average of the data below 500 K from all four studies. The

expression is: k = 1,6 x 10=11 (1/298)~1:5 for the temperatiure range
210-500 K.

o it it i e 20~
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There are many possible product channels for this reaction. Strong

i evidence against the formation of H atoms exists. Both Silver and Kolb

(1982) and Andresen et al. (1982) report substantial yilelds of OH of 40% .
! and 2 65%, respéctively, in disagreement with Stief et al. (1982) who set

an upper limit of <Z2% for OH production. In addition, Andresen et al.
set a lower limit of 2 29% for the channel Ny + Kp0.

"g C21. NHp + NOz. .Minor change from JPL 83-62. There have been three studies of
this reaction (Hack et al. (1979b), Kurasawa and Lesclaux.(1979) and Whyte

and Phillips (1983)). There is very poor agreement among these studies
both for k and 298 K (factor of 2.3) and for the temperature dependence of

»
i
k!
o
]
i

.

‘

k (T'3'o‘and T‘1'3). The recommended values of k at 298 K and the

temperature dependence of k are averages of the results reported in these
three studies. Hack et al. have shown that the predominant reaction

channel (>95%) produces N0 + H0. Just as for the NHy + NO reaction, the

data for this reaction.seem to indicate a factor of two discrepancy

- between flow and flash techniques, although the data base is much smaller.

C22. NHz + 0z. Minor change from JPL.83-62. The recommendation is based on
the reported upper limits of 2 x 10718 (Lesclaux and Demissy, 1977), 8 x
10713 (Pagsberg et al., 1979), 1.5 x 10~17 (Cheskis and Sarkisov, 1979), 3
x 10718 (Lozoveky et al., 1984) and 1 x 10~17 (Patrick and Golden, 1984b),

all expressed as bimolecular rate constants with units of cm3 a~l, The

A e 2

termolecular rate constant upper limit would be 2 x 10~36 em® s~1, The
values reported by Hack et al. (1982), k = 3.6 x 10~33 (T/295)~2 cmb g-1
and Jayanty et al. (1976), k = 4 x 10~15 cp3 g~1

at the recommendation.

are not used in arriving
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DII

There is poor agreement among the
k(298) = 3.25 x 10713 cm3 e~}
10-13 em3 8=l

NHy + O3. Changed from JPL 83-62.
recent atudy of Patrick and Golden (1984b):
and the earlier studies by Hack et al. (1981), 1.84 x

e a—c—

Bulatov et al. (1980), 1.2 x ].0"'13 em3 s~! and Kurasawa and Lesclaux

(1980a), 0.63 x 10=13 cmd 8™}
Lesclaux may be due to regeneration o

Patrick and Golden), and it is disregarded here.
han the recent Patrick and

The very low value of Kurasawa and

f NHp from secondary reactions (see .
The discharge flow value

of Hack et al. is nearly a factor of two less t

Golden flash photolysis value. The large discrepancy between Bulatov et

al. and Patrick and Golden eludes explanation.
dies, and E/R is an average of Patrick

The recommendation is the

k(298) average of these three stu
and Golden (1151 K) with Hack et al. (710 K).

OH + CO. Changed from JPL 83-62, The recommendation allaws for an

The zero pressure value was derived by
e listed in Baulch

jncrease in k with pressure.

11 direct low pressure determinations (thos

averaging a
d Wolfrum (1980), Husain

et al. (1980) and the values reported by Dreier an

1981), Ravishankara and Thompson (1983), Paraskevopoulos and Irwin

et al. (
z and Zellner (private

(1984), Hofzumahaus and Stuhl (1984), and Frit

communication, 1984)). An increase in k with presssure has been observed

by a large number of inveatigators-(Overend and Paraskevopoulos (1977a),
(1977), Chan et al. (1977), Bierman et al. (1978), Cox et al.

Perry et al.
evopoulos and Irwin (1982b, 1984),

(1976b), Butler et al. (1978). Parask

DeMore (1984), Hofzumahaus and Stuhl (1984), Fritz and Zellner (private

communication, 1984), Wine et al. (private communication, 1984) ). In

addition, Niki et al. (1984) have measured k relative to OH + CpHy in one
g COg production using FTIR. The recommended

atmosphere of air by followin
least squares analysis

value was obtained by using a weighted non-linear

of all pressure dependent data in No (Paraskevopoulos and Irwin (1984),

peMore (1984), Hofzumahaus and Stuhl (1984) and Wine et al. (private
(Fritz and Zellner (private

1984), and Niki

communication, 1984)) .as well as those in air

communcation, 1984), Wine et al. (private communication,

et al. (:984)) to the form k = (A+BP)/(C+DP) where P is pressure in

atmospheres. The data were best fit with D = 0 and therefore a linear

form is recommended.
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Previous controversy regarding the effect of amall amounts of O (Bierman
et al.) has been resolved and is attributed to secondary reactions (DeMore
(1984), Hofzumahaus and Stubl (1984)). The .results of Butler et al.
(1978) have to be reevaluated in the light of refinements in the rate
coefficient for the OH + Hp0p reaction. The corrected rate coefficient is

in approximate agreement with the recommended value.

Results of Paraskevopoulos and Irwin (1984), Hofzumahaus and Stuhl (1984),
Fritz and Zellner (private communication, 1984) and Wine et al. (private
communication, 1984) clearly show that  k increases non-linearly with
pressure in a manner that is typical of addition reactions. For example,
a weighted non~linear least equéres analysis of data from Fritz and
Zellner, Wine et al., and Niki, all in air yield k = (6.82 x 104 + 2.88 x
10-3 P)/(4.70 x 109 + 9.24 x 102 P) where P is in atmospheres. Similarly,
the results of Paraskevopolos and Irwin and Hofzumahaus and Stuhl, in N,
yleld K = (5.36 x 10~4 + 7.12 x 10~% P)/(3.79 x 109 + 1.56 x 109 P).
Further measurements are expected to allow better definition of k as a
function of P, as well as the high pressure limit for k. Currently, there
are no 'ndications to suggest that the presence of 0y has effects other
than as a third body. The E/R value is assumed to be zero and requires
further study. The uncertainty factor is for 1 atm of air. In the
presence of 0y, the HOCO intermediate is converted ico HOp + COjy (DeMore,
1984). Beno et al. (1984) observe an enhancement of k with water vapor
which is in conflict with the flash photolysis studies, e.g. Ravishankara
and Thompson (1983), Paraskevopoulos and Irwin (1984), and DeMore (1984).

OH + CH4. This is an extremely well characterjzed reaction. All
temperature dependence studies are in good agreement (Greiner (1970a),
Davis et al. (1974a), Margitan et al.. (1974), Zellner and Steinert (1976),
Tully and Ravishankara (1280), Jeong and Kaufman (1922)). bue to this
good agreement, and the curved nature of the Arrhenius plot at higher
temperatures, the value of Davis et al., obtained in the temperature

interval 240 < T < 373 K is recommended.

OH + CpHg. Changed from JPL 83-62. There is good agreement among seven
studies of this reaction at 298 K, i.e., Greiner (1970a), Howard and
Evenson (1976b), Overend et al. (1975), Lee and Tang (1982), Leu (1979),
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D5.

Tully et al. (1983) and Jeong et al, (1984), k(298 K) is the average of
these seven measurementa. The temperature dependence was computed by
using the data of Greiner (1970a), Tully et al. (1983), and Jeong et al.
(1984). Higher temperature results of Baulch et al. (1983) are in
agreement with the recommended value.

OH + C3Hg. There are five measurements of the rate coefficient at 298K;
Greiner (1970a), Gorse and Volman (1974), Bradley et al. (1973), Overend
et al. (1975), and Tully et al. (1983). Gorse and Volman measured k(OH +
C3Hg) relative to k(OH + CO) in the presence of 02 and calculated k(OH +
C3Hg) assuming that k(OH + CO) = 1.5.x 10~13 ¢p3 molecule~l s~l, If the
current recommended value for-k(OH + CO). at high pressure is used, k(OH +
C3Hg) will be approximately 3.5 x 10712 cp3 molecule~! 571, Therefore
the results of Overend et al. (1975) (k = 2 x 10~12 ¢p3 s~1) and Gorse and
Volman are in disagreement with the other values. The most probable cause
for the discrepancy is the presence of secondary reactions in their
system. The 298 K value is the average of .the three studies. Only
Greiner (1970a) and Tully et al. (1983) have measured the temperature
dependence of this reaction, and the recommended E/R was obtained from a
linear least squares analysis of the data below 500 K. The A factor was
adjusted to reproduce k(298 K). This reaction has two possible channels,
i.e., abstraction of the primary or the secondary H atom. Therefore,
non-Arrhenius behavior may be exhibited over a wide temperature range, as
seen by Tully et al. The branching ratios can be estimated from Greiner's
(1970a) formula:
Kprimary = 6.1 x 10712 exp(-830/T) em3 molecule~l -1
kgecondary = 4:6 x 10712 exp(~430/T) cm3 molecule~! s-1

OH + . H2CO. The value for k (298 K) is.the average of those determined by
Atkinson and Pitts (1978) and Stief et al. (1980), both using the flash
Photolysis-resonance fluorescence technique. The value reported by Morris
and Niki (1971) agrees within the stated uncertainty. There are two
relative values which are not in agreement with the recommendations. The
value of Niki et al. (1978b) relative to OH + C2Hy is higher while the
value of Smith (1978) relative tu OH + OH is lower. -The latter data are
also at variance with the negligible temperature dependence observed in

the two flash photolysis studies. Although Atkinson and Pitts agsign a
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small energy barrier (E/R = 90 % 150), their data at 356 K and 426 K and y
that of Stief et al. at 228 K, 257 K and 362 K are all within 10% of the k ‘
(298 K) value. Thus, the combined data set suggesta E/R = 0, The i

abstraction .reaction shown in the table is probably the major channel;

other channels may contribute (Horowitz et al., 1978).

OH + CH300H. The recommended value is that of Niki et al. (1983), They -
measured the rate coefficient relative to that of OH with CyHy by

© Saasaa

monitoring CH300H disappearance using an FTIR system. This measured value
is very fast and hence is not expected to show substantial temperature
dependence. Niki et al. have determined that the rate coefficient for H
atom abstraction from the CH3 group is approximately 0.7 times that for H
atom abstraction from the OH group. Independent, direct measurements of

this rate coefficient are needed.

R A a5 T i e

OH + HCN. This reaction is pressure dependent. The recommended value is
the high pressure limit measured by Fritz et al. (1984) using a laser

photolysis-resonance fluorescence apparatus. Phillips (1978) studied .this
reaction using a discharge flow apparatus at low pressures and found the

rate coefficient to have reached the high pressure limit at ~10 torr at

298 K. Fritz et al.'s results contradict this finding. They agree with

Phillips's measured value, within a factor of two, at 7 torr but they find
k to increase further with press-re. The products of the reaction are

unknown. The measured A factor appears to be low. ;

OH + CH3CN. Changed from JPL 83-62. This rate coefficient has been
measured as a function of temperature by Harris et al. (1981) between 298

and 424 K, Kurylo and Knable (1984) between 250 and 363, and Rhasa and

Zellner (private communication, 1984) between 295 and 520 K. In addition,

i a5 et o Aui

the 298 K value has been measured by Zetsch (private communication, 1983)
and Poulet et al. (1984a). The 298 K results of Harris et 1l. are in

disagreement with all other measurements and therefore havz not been

N Tapyogre 304

included. The recommended 298 K value is the average of .all other
studies. The temnerature dependence was computed using the results of

Kurylo and Knable (250-363 K) and the lower temperature values (i.e.

295-391 K) of Rhasa and Zellner. Two points are vorth noting: (a) Rhasa

and Zellner observe a curved Arrhenius plot even in the temperature range

et s en e e
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of 295-520 K and therefore extrapolation of the recommended expression
could lead to large errors, and (b) Zetsch observed a pressure dependent
increase at k(298 K) which levels off at about 1 atmosphere. This
observation is contradictory to the results.of other investigations. A

complex reaction mechanism cannot be ruled out. The products of the

reaction are unknown.

D9, HOy + CHy0. There is a general consensus that this reaction proceeds \
through addition of HOp to CH20 (Su et al., 1979b,c, Veyret et al. 1982),
The value of the rate coefficient deduced by Su et al. (1979c) based on
modeling a complex system involving the oxidation of CHy0 is approximately

seven times lower than that obtained by Veyret et al. (1982), who also ' ‘E

modeled a complex system. . The recommended value is an average of the two ' %
measurements and is very uncertain. Su et al. (1979c) have deduced that i
|
;

lifetime of the adduct towards decomposition to CH0 and HOz is ~1 sec at
298 K.

D10. O + CoHy. The value at 298 K is an average of nine measurements;

Arrington et al. (1965), Sullivan and Warneck (1965), Brown and Thrush
(1967), Hoyermann et al. (1967), Westenberg and deHaaa (1969b), James and
Glass (1970), Stuhl and Niki (1971), Westenberg and deHaas (1977)

Aleksandrov et al. (1981). There is reasonably good agreement among these

studies. Arrington et al. (1965) did not observe a temperature .
dependence, an observation which was later shown to be erroneous by
Westenberg and deHaas (1969b). Westenberg and deHaas are the only ones

who have measured the temperature dependence, and they observed a curved

SRSy, S /SRR SN + T DS

Arrhenius plot. In the range of 195-450 K, Arrhenius behavior provides an

A L

adequate description and the E/R obtained by them in this temperature

[P

range is recommended. The A factor was calculated to reproduce k(298 K).
This. reaction can have two sets of products, i.e., CoHO + H or CHy + CO.
Under molecular beam conditions C7HO has been shown to be the major
product. However, a recent study by Aleksandrov et al. using a discharge
flow-resonance fluorescence method (under undefined pressure conditions)
indicates that the CHyO 4+ H channel contributes no more than 7% to the net

reaction at 298 K.
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O + HaCO. The recommended values for A, E/R and k (298 K) are the
averages of those determined by Klemm (1979) uaing flash
photolysis-resonance fluorescence (250 to 498 K) by Klemm et al. (1980)
using discharge flow~resonance fluorescence (298 to 748 K) and Chang and
Barker (1979) using discharge flow-mass apectrumetry (296 to 436 K). All
three studies are in good agreement. The k (298 K) value is also

consistent with the results of Niki et al. (1969), Herron and Penzhorn

(1969), and Mack and Thrush (1973). Although the mechanism for O + HpCO

has been considered to be the abstraction reaction yielding OH + HCO,
Chang and Barker suggest that an addition channel yielding H + HCOy may be

occurring to the extent of 30% of the total reaction., This conclusion is

based on an observation of COj as a product of the reaction under
conditions where reactions such as O + HCO 9 H + CO2 and O + HCO 9 OH + CO
apparently do not occur. This interesting suggestion needs independent
confirmation.

O + CH3. The recommended k(298 K) is the welghted average of three

measurements by Washida and Bayes (1976), Washida (1980), and Plumb and

Ryan (1982b). The E/R value is based on the results of Washida and Bayes

(1976) who found k to be independent of temperatures between 259 and 341
K. '

CH3 + 02. This bimolecular reaction is not expected to be important based

on the results of Baldwin and Golden (1978a) who found k ¢ 5 x 10~17 op3
molecule~l s=1 for temperatures up to 1200 K. Klais et al., (1979) failed

to detect OH (via CH3 + 03 & CHz0 + OH) at 368 K and placed an upper limit

of 3 x 10~16 ¢op3 molecule~! g~1 for this rate coefficient. Bhaskaran,

Frank and Just (1979) measured k = 1 x 10~11 exp(~12,900/T) cm3 molecule-l
s~ for 1800 < T < 2200 K. The latter two studies, thus, support the

results of Baldwin and Golden. Recent studies by Selzer and Bayes (1983)

and Plumb and Ryan (1982b) confirm the low value for this rate

coefficient. Previous studies of Washida and Bayes (1976) are superseded

by those of Selzer and Bayes. Plumb and Ryan have placed an upper limit

of 3 x 1016 cm3 molecule-! s~! based on their inability to find HCHO in
their experiments.
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D15.

D16,

CH20H + 02. The rate coefficient has been measured by Radford (1980)

by detecting the HO3 product in a laser magnetic resonance spectrometer.
The effect of wall loss of CHyOH could have introduced a large error in
this measurement.

R A e
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Radford also showed that the previous_measurement of
Avramenko and Kolesnikova (1961) was in error.
CH30 + O02. Changed from JPL 83-62.

those obtained using the results of Gutman et al. (1982) and Lorenz, Rhasa

and Zellner

The recommemded A factor and E/R are

(private communication, 1984), These investigators have
measured k directly under pseudo-first order conditions by following CH30
via laser induced fluorescence. The temperature intervals were 413 to 608
K (by Gutman et al.) and 298 to 441 K (by Lorenz et al.), Cox et al.
(1980) used an end product_analysis technique to measure k down to 298 K.
The previous high temperature measurements (Barker et al. (1977) and Batt
and Robinson (1979)), are in reasonable agreement with the derived
expression. k(298 K) is calculated from the recommended expression. The
inclusion of the new data reduces the uncertainty from the previous
evaluation. This value is consistent with the 298 K results of Cox et al.
(1980) and with the upper limit measured by Sanders et al. (1980b). The A

factor, shown above, appears to be too low for a hydrogen atom transfer

reaction. The Arrhenius plot is likely to be curved at higher
temperature.. The reaction may be more complicated than a simple
abstraction.. The products of this reaction are HO7 and CH90, as shown by

Niki et al. (1981).
HCO + 02. The value of k(298 K) 1s the average . of the determinations by
Washida et al. (1974), Shibuya et al. (1977), Veyret and Lesclaux (1981),
and Langford and Moore (1984),
HCO was monitored via the intracavity dye laser technique (Reilly et al.
(1978), Nadtochenko et al. (1979), and Gill et al. (1981)).

There are three measurements of k where

Even though
there is excellent agreement between these three studies, they yield
consistently lower values than those obtained by other techniques. There
are several posaible reasons for this discrepancy: (a) The relationship
between [HCO] and laser attenuation might not be linear, (b) there could
have been depletion of Oy in the static systems that were used (as
suggested by Veyret and Lesclaux), and (c) these experiments were designed

more for the study of photochemistry than kinetics. Therefore, these
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values are not included in obtaining the recommended value. The
recommended temperature dependence ia easentially identical to that
measured by Veyret and Lesclaux. We have expreased the temperature b
dependence in an Arrhenius form even though the authors preferred a TN
form (k = 5.5 x 10-11 7=(0.4 £ 0.3) &p3 potecule~! s~1l),
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D17. CH3 + 03. The recommended A factor and E/R are those obtained from the ; a
results of Ogryzlo et al. (1981). The results of Simonaitis and Heicklen
(1975) based on an analysis of a c¢omplex system are not used. Washida et
al. (1980b) used O + CyH, as the source of CH3. Recent results (Buss. et
al. (1981), Kleinermanns and Luntz (1981), Hunziker et al. (1981), and

TR T TRy

Inoue and Akimoto (1981)) have shown the 0 + CoH, reaction.to be.a poor

source of CH3. Therefore, the results of Washida et al. are also

not. used. - ‘ §

D18. CH30p + 03." There are no direct studies of this reaction. The .
quoted upper limit is based on indirect evidence obtained by Siménaitis
and Heicklen (1975).

——— e

D19. CH30p + CH303. The recommended .value for k(298 K) is the average of those

reported by Hochanadel et al. (1977), Parkes (1977), Anastasi et al.
(1978), Kan et al. (1979), Sanhueza et al. (1979), and Sander and Watson
(198lc). All the above determinations used ultraviolet absorption

techniques to. monitor CH30; and hence measured k/o where ¢ is the .

absorption cross section for CH309 at the monitored wavelength. To obtain

a set of numbers .that can be compared, the values of k have been

recalculated using the absorption cross sections measured by Hochanadel et

e R . et et e s s

al. (1977). k(298 K) is the average .of these numbers. The recommended

temperature dependence is that measured by Sander and Watson (198lc).

This reaction has three possible sets of products, i.e.,

L e+ o A e

2CH30 + 0y ky 1
CH302 + CH303 = CH20 + CH30H + 0y kg ;

]

i

I

| 5
CH300CH3 + O3 ke ’
|

FTIR studies by Kan et al. (1980) and Niki et al. (1981) are in reasonable

s
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agreement on branching ratios at 298 KX: kg/k ~0,35, kp/k ~0.10. Because
of the exiatence of multiple pathwaya, the tamperature dependence of k may
be complex. Further work is vequired on both the temperature dependence
and the vailation of branching ratias_with temperatura.

CH302 + NO. The value of k(298 K) is the average of thoase determined by
Sander and Watson (1980), Ravishankara et_al. (198la), Cox and Tyndall
(1980), Plumb et al. (1981), Simonaitis and Heicklen (1981) and Zellner
(private communication, 1984). Values lower by more than a factor of two
have been reported by Adachi and Basco (1979) and Simonaitis and Heicklen
(1979). .The former direct study was probably in error.because of
interference by CH30NO formation. The results of Simonaitis and Heicklen
(1979) and Plumb et al. (1979) are assumed o be superseded by their more
recent values. Ravishankara et al. (198la) and Simonaitis and .Heicklen
(1981) have measured the temperature dependence of k over limited .
temperature ranges. The recommended A factor and E/R were obtained by a
least squares analysis of the data from the two atudies. The value of
k(218 K) obtained by Simonaitis and Heicklen (1981) is not included;
however, the.large error bounds allow the calcuiated value of k. at 218 K.
to overlap that measured by Simonaitis and Heicklen. Ravishankara et al.
(198la) find that.the reaction channel leading to NOj accounts for. at
least .80% of the reaction. . Zellner (private.communication, 1984) has
measured the yield of CH30 to be 1.0 * 0.1. These .results in conjunction

with the indirect evidence obtained by Pate et al. (1974), confirm that
NO; formation is the major, if not the only, reaction path.

CH303 + HOj. The room temperature value is that of Cox and Tyndall (1979,

1980). This study also reports a large negative E/R value over a

temperature range 274~-338 K, which is similar to that found for the HOp +
HOy reaction by many groups (see note on HO3 4+ HO2). The measurement has
been carried out only at 1 atmosphere pressure. The rate coefficient

needs independent verification at one atmosphere, and measurements as

functions of pressure, water vapor concentration, and temperature.

NO3 + CO. New entry. The upper limit is based on the results of Ridley
and McFarland (private communication, 1984) and Ravishankara (private

communication, 1984)., Ridley and McFarland estimated an upper limit of 1
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D23,

El.

x 10720 cp3 molecule=™! a~! based on their measurements of NOj loas in
axcess (0, Ravishankara estimated an upper limit of 1 x 1015 op3
molecule~! s~} haased on diacharge flow-long path laser absarption

measurements. The higher limit is indicated to be conservative, Products

are expected to he NOg + COg.

NO3 + CHgO., New entry. There are two measurements .of this rate
coefficient at 298 K, Atkinson et al. (1984) and Cantrell et al. (1985)..
The value reported by Atkinson et al. (1984), k = (3.23 ¢ 0.26) x 10'16
cm? moleCule"1 a"l. i8 corrected to 5.8 x 10~16cm3 molecule‘L -1 to
acéount for the different value of the equilibrium constant for the NOj3 +
NO9 2 N205 reaction that was measured subsequent to this study by the
same group using the same apparatus. This correction is .in accordance
with their suggestion (Tuazon et _al. 1984). The value reported by

Cantrell et al., k = 6.3 x 10~16 ¢m3 molecule~l s~l, is in good agreement

1]
with the corrected value of Atkinson et al. The recommended value is the
average of these two studies. Cantrell et al. have good evidence to
suggest that HNO3 and CHO are the products of this reaction. The

temperature dependence of this ratq;cdeffiéient is unknown.

Ch + 0O3. The results reported for k(298 K) by Watson et al. (1976),
Zahniser et al. (1976), Kurylo and Braun (1976) and Clyne and Nip (1976a)
are in good agreemént, and have. been used to détermine .the preferred value
at this temperature. The values reported by Leu and DeMore (1976) (due to
the wide error limits) and Clyne and Watson (1974a) (the value .is
inexplicably high) are not considered. Thé four Arrhénius expressions are
in fair agreemeat within thé temperature range 205-300 K. In this
temperature range, the rate constants at any particular temperature agree
to within 30-40%. Although the values of the activation energy obtained
by Watson et al. and Kurylo and Braun are in excellent agreement, the
value nf k in the study of Kurylo and Braun is consisently (~17%) lower.
than that of Watson et al. This may suggest a systematic underestimate of
the rate constant, as the valuea from the other three studies agree so
well at 298 K. A more disturbing dif+-.rence is the scatter in the values
reported fur the activation energy (328-831 cal mole~l). However, there
is no reason to prefer any one set of data to any other; therefore, the

preferred Arrhenius expression shown above was obtained by computing the
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mean of the four results between 205 and 298 K. Inclusion of higher
temperature (S 466 K) experimental data would yield the following
Arthenius expreasion: k = (3.4 £1.0) x 10~11 exp(=310 ¢ 76)/T).

Vanderzanden and Birks (1982) have interpreted their observation of oxygen
atoms in this system as evidence for some production (0.1-0,5%) of O
(123) in this reaction. The possible production of singlet molecular
oxygen in this reaction has also been discussed by DeMore (1981), in

connection with the Clo photoaenaitizq§ decomposition of ozone.

CL + Hp. This Arrhenius expression is based on the data below 300 K
reported by Watson et al. (1975), Lee et al. (1977) and Miller and Gordon
(1981). The results of these three studies are in excellent agreement
below 300 K; the data at higher temperatures are in somewhat poorer
agreement. The results of Watson et al. and those of Miller and Gordon
agree well (after extrapolation) with the results of Benson et al. (1969)
and Steiner and Rideal (1939) at higher temperatures. For a discussion of
the large body of rate data at high temperatures see the .review by Baulch
et al. (1980). . Miller and Gordon also measured the rate of the reverse
reaction, and the ratio was found to be in good agreement with equilibrium
constant data. Results of a new study by Kita and Stedman (1982) are in
excellent agreement with this recommendation. They also measured the rate .
of the reverse reaction and found the ratio to be in good agreement with

equilibrium constant data.

Cr + CH4. The values reported from the thirteen absolute rate coefficient
studies for k at 298 K fall in the range (0.99 to 1.48) x 10713, with a
mean value of 1.15 x 10~13, However, based upon the stated confidence
limits reported in each study, the range of values far exceeds that to be
expected. A preferred average value of 1.04 x 10~13 can be determined
from the absolute rate coefficient studies for k at 298 K by giving equal
weighting to the values reported in Lin et al. (1978a), Watson et al.
(1976), Manning and Kurylo (1977), Whytock et al. (1977), Zahniser et al.
(1978), Michael and Lee (1977), Keyser (1978), and Ravishankara and Wine
(1980). The values derived for k at 298 K from the competitive
chlorination studies of Pritchard et al. (1954), Knox (1955), Pritchard et
al. (1955), Knox and Nelson (1959), and Lin et al. (1978a) range from
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(0,95-1,13) x 10~3}3, with an average value of 1.02 x 10713, The preferred
value of 1.04 x 10"13 was obtained by taking a mean value from the most

reliable absolute and relative rate coefficient atudies.

There have been nine absolute studies of the temperature dependence of k.
In general the agreement between most of these studies can be considered
to be quite good. However, for a meaningful analysis of the reported .
studies it is best to discurs them in terms of two distinct temperature
regions, (a) below 300 K, and (b) above 300 K. Three resonance
fluorescence atudies have been performed over the temperature range
~200-500 K (Whytock et al. (1977), Zahniser et al. (1978) and Keyser
(1978)) and in each case a strong nonlinear Arrhenius.behavior was
observed. Ravishankara and Wine (1980) also noted nonlinear Arrhenius
behavior over a more limited temperature range. This behavior tends to
explain partially the large variance in the values of E/R reported between
those other investigators who predominantly studied this reaction below
300 K (Watson et al. (1976) and Manning and Kurylo (1977)) and those who
only studied it above 300 K (Clyne and Walker (1973), Poulet et al.
(1974), and Lin et al. (1978a)). The agreement between all studies below
300 K is good, with values of (a) E/R ranging from 1229-1320 K, and (b)
k(230 K) ranging from (2.64-3.32) x 10~14, The mean of the two discharge
flow values (Zahniser et al. (1978) and Keyser (1978)) ia 2.67 x 10714,
while the mean of the. four flash phctolysis values (Watson,gg_gi. (1976),
Manning and Kurylo (1977), Whytock et al. (1977), and Ravishankara and .
Wine (1980)) is 3.22 x 10714 at 230 K. There have not been any absolute.
studies at stratospheric temperatures other than those which utilized the
resonance fluorescence technigque. Ravishankara and Wine (1980) have
suggested that the results obtained using the discharge flow and
competitive chlorination techniques may be in error at the lower
temperatures (<240 K) due to a non-equilibration of the 2P1/2 and 2?312
states of atomic chlurine. Ravishankara and Wine observed that at
temperatures below 240 K the apparent bimolecular rate constant was
dependent upon the chemical composition of the reaction mixture; i.e., if
the mixture did not contain an efficient spin equilibrator, e.g. Ar or
CCr4ys the bimolecular rate constant decreased at high CHy concentrations.
The . chemiral composition in each of the flash photolysis studies contained

an efficient spin equilibrator, whereas this was not the case in the
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discharge flow atudiea. However, the reactor walls in the discharge flow
gtudies could have been expected to have acted as an efficient spin
equilibrator. Consequently, until the hypothesis of Ravishankara and Wine
is proven it is assumed that the discharge flow and competitive

chlorination results are reliable.

Above 300 K the three resonance fluorescence studies reported (a)
"averaged" values of E/R ranging from 1530-1623 K, and (b) values for k
(500 K) ranging from (7.74-8.76) x 10~13, Three mass spectrometric
studies have been performed above 300 K with E/R values ranging from
1409-1790 K. . The data of Poulet et al. (1974) are sparse and scattered,
that of Clyne and Walker (1973) show too strong a temperature dependence
(compared to all other absolute and competitive studies) and k(298 K) is
~20% higher than the preferred value at 298 K, while that of Lin et al.

(1978a) is in fair agreement with the resonance fluoreicence results.

In conclusion, it should be stated that the best values of k from the
absolute studies, both above and below 300 K, are obtained from the
resonance fluorescence studies. The competitive chlorination results
differ from those obtained from the absolute studies in that linear
Arrhenius behavior is. observed. This difference is the major discrepancy
between the two types of experiments. The values of E/R range from 1503
to 1530 K, and k(230 K) from (2.11-2.54) x 10-14 with a mean value of 2.27
x 1014, It can be seen from the above discussion that the average values
at 230 K are: 3.19 % 10~14 “flash photolysis), 2.67 x 10~14 (discharge
flow) and 2.27 x 10-14 (competitive chlorination). These differences
increase at lower temperatures. Until the hypothesis of Ravishankara and
Wine (1980) is re-examined, the preferred Arrhenius expression attempts to
best fit the results obtained between 200 and 300 K from all sources. The
average value of k at 298 K is 1.04 x 10'13, and at 230 K is 2.71 x 1014
(this is a simple mean of the three average values). The preferred
Arrhenius expression is 9.6 x 10~12 exp(-1350/T). This expression yields
values similar to those obtained in the discharge flow-resonance
fluorescence studies. If only flash photolysis-resonance fluorescence
results are used then an alternate expression of 6.4 x 10712
(exp(~1200/T)) can be obtained (k(298 K) = 1.07 x 10~13, and k(230 K) =

3,19 x 10~14),
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A recent study (Heneghan et al. (1981)) using very low pressure reactor

techniques reports results from 233 to 338 K in excellent agreement with

the other recent measurements. They account for the curvature in the
Arrhenius plot at higher temperatures by tranasition state theory.
Measured equilibrium constants are used to derive a value of the heat of

formation of the methyl radical at 298 K of 35.1 t 0.1 kcal/mol.

Cr + CyHg. The absolute rate coefficients reported in all four studies
(Davis et al. (1970), Manning and Kurylo (1977), Lewis. et al. (1980), and
Ray et al. (1980)) are in good agreement at 298 K. The value reported by
Davis et al. was probably overestimated by ~10% (the authors assumed that
1f was proportional to [CL]0°9, whereas a linear relationship between Ig
and [Ct] probably held under their experimental conditions). The
preferred value at 298 K was taken to be a simple mean of the four values
(the value reported by Davis et al. was reduced by 10%), i.e., 5.7 %
10-11. The two values reported for E/R are in good agreement; E/R = 61 K
(Manning and Kurylo) and E/R = 130 K (Lewis et al.). A simple least
squares fit to all the data would unfairly weight the data of Lewis et al.
due to the larger temperature range covered. Therefore, the preferred
value of 7.7 x 10~11 exp(~90/T) is an expression which best fits the data
of Lewis et al. and Manning and Kurylo between 220 and 350 K.

C)r + Ci3lig. This recommendation is based on results over the temperature
range 220-607 K reported in the recent discharge flow-resonance
fluorescence study of Lewis et al. (1980). These results are consistent:
with these obtained in the competitive chlorination studies of Pritchard
et al. (1955) and Knox and Nelson (1959).

Cr + CoHa. Since abstraction would be endothermic by 9 kcal/mol, the
initial step must be addition to give an excited CoHoCA radical which
either will be stabilized or will decompose to give the original
reactants. Lee and Rowland (1977), in a high pressure. study using
radiocactive tracer techniques, concluded that the initial addition must
occur once in not more than 5 collisions. They calculated that under
conditions corresponding to the stratosphere at 30 km the overall

conversion of C} to stabilized cgﬂzcx proceeds with a rate coefficient of
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about 1 x 10~12 cm3 molecule=! &=}, Poulet et al, (1977) discusa their
own earlier work using the discharge flow-mass spectrometric technique at
1 torr helium in which they report a value of (2.0 t 0,5) x 10-13
independent of temperature from 295-500 K. They point out that these
results can be reconciled with those of Lee and Rowland if the efficiency
of stabilization of excited Cgﬁgcﬂ is 1/500 at 1 torr helium. The rate
constant given in the table is for the overall rate of conve:sion of Ci to
a stabilized CyHyCA radical under conditions of the stratosphere at 30 km.
The probable fate of this radical is reaction with 0j.

C) + CH30H. This recommendation is based on results obtained over the
temperature range 200-500 K using the flash photolysis~-resonance
fluorescence technique in the only reported study of this reaction,
Michael et al. (1979b). This reaction has been used as a source of CHyOH
and as a source of HO; by the reaction of CHyOH with Oy. See Radford
(1980) and Radford et al. (1981).

Cr + CHaCA. The results reported by both groups (Clyne and Walker (1973),
and Manning and Kurylo (1977)) are in good agreement at 298 K. However,
the value of the activation energy measured by Manning and Kurylo is
significantly lower than that measured by Clyne and Walker. Both groups
of workers measured the rate constant for the CA + CH4 and, similarly, the

activation energy measured by Manning and Kurylo was significantly lower

than that measured by Clyne and Walker. It is suggested that the discharge
flow-mass spectrometric technique was in this case subject to a systematic
error, and it is recommended that the flash photolysis results be used for
stratospheric calculations in the 200-300 K temperature range (see
discussion of the CL + CH; studies). In the discussion of the CA + CHy
reaction it was suggested that some of the apparent diécrepancy between
the results of Clyne and Walker and the flash photolysis studies can be
explained by nonlinear Arrhenius behavior. However, it is less likely that
this can be invoked for this reaction as the pre-exponential A-factor (as
measured in the flash photolysis studies) is already ~3.5 x 10~1l and the
significant curvature which would be required in the Arrhenius plot to
make the data compatible would result in an unreasonably high value for A
(> 2 x 10"10),
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CA + CH3CCA3. There haa been only one study of this rate, that by Wine et
al., (1982) using a lasey flash photolyais-resonance fluoreacence
technique. It was concluded that the presence of a reactive impurity
accounted for a significant fraction of the CA removal, and therefore only
upper limits to the rate were reported for the temperature range 259~356

K. This reaction is too slow to be of any importance in atmospheric

chemistry.

C) + HpCO. The results from five of the six published studies (Michael et
al. (1979a), Anderson and Kurylo (1979), Niki et al. (1978a), Fasano and
Nogar (1981) and Poulet et al. (1981)) are in good agreement at ~298 K,
but ~50% greater than the value reported by Foon et al. (1979). The
preferred value at 298 R (7.3 x 10-11) was obtained by combining the
absoiute values reported by Michael et al., Anderson and Kurylo, and
Fasano and Nogar, with the values obtained by combining the ratio of k(Ch
+ HpCO) /k(CL + CyHg) reported by Niki et al. (1.3 £ 0.1) and by Poulet et
al. (1.16 % 0.12) with the preferred value of 5.7 x 10~11 for k(CL + CoHg)
at 298 K. The preferred value of E/R was obtained from a leastisquares
fit to all the data reported in Michael et al. and in Anderson and Kurylo.

The A-factor was adjusted to yield the preferred value at 298 K.

-Ch + Hp02. The absolute rate coefficients determined at ~298 K by Watson
et al. (1976), Leu and DeMore (1976), Michael et al. (1977), Poulet et al.
(1978a) and Keyser (1980a) range in value from (3.6-6.2) x 10-13, The
studies of Michael et al., Keyser, and Poulet et al. are presently
considered to be the most reliable. The preferred value for the Arrhenius
expression is taken to be that reported by Keyser. The A-factor reported
by Michael et al. is considerably lower than that expected from
theoretical considerations and may possibly be attributed to decomposition
of Hp0p at temperatures above 300 K. The data of Michael et al. at and
below 300 K are in good agreement with the Arrhenius expression reported
by Keyser. More data are required before the Arrhenius parameters can be
considered to be well established. Results of a recent study by Heneghan
and Benson (1983) using mass spectrometry confirmed that this reaction
proceeds only by the abstraction mechanism shown to give HCA and HOp as

products.
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Chk + HOCL. This recommendation is based on results over the
range 243-365 K using the discharge

temperature

flow-mass spectrometric technique in

the only reported study of this reaction, Cook et al. (198la). 1In a

subsequent paper, Cook et al. (1981b) argue that Ck2 + OH are the major
products of this reaction,

CAO is more exothermic.

-even though the reaction, channel giving HCL +

oy = ——

El3. Cp + HNO3. There are two recent studies of this rate, in which the decay

of CA atoms in excess HNO3 was monitored by resonance fluorescence (Kurylo

et al., 1983b) or by resonance absorption (Clark et al., 1982). Both
report values higher than those obtained in earlier discharge flow-mass ...

spectrometric studies by Leu and DeMore (1976) and by Poulet et al,

(1978a) which monitored the decay of HNO3 1in excess Cp. Kurylo et al.

report a value for E/R of 1700 K for the temperature range 243-298 K.

Poulet et al. report a value for E/R of 4380 K for the tem

perature range
439-633 K.

The higher temperature data of Poulet et al. are not directly
applicable to stratospheric conditions, and extrapolation to room
temperature may not be valid.

3 [ . o ¥ P R FUF U S S R
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The preferred value 1is based on assuming
that the room temperature data of Kurylo et al. represents an upper limit.

The higher value reported by Clark et al. is based on data which exhibit

significant scatter and is not considered in deriving the preferred value.
El4. Cp + HO3. The recommendations for the two reaction channels are based
upon the recent results by Lee and Howard (1982) using a discharge flow .

system with laser magnetic resonance detection of HO2, OH and CAO.: .The

total rate constant is temperature independent with

a value of (4.2 % 0.7)
x 10-11 em3 molecule~l g-1

over the temperature range 250-420 K. This
value for the ‘total rate constant is in agreement with the value

recommended in JPL 81-3, which was based on indirect studies relative to
Ch + H209 (Leu and DeMore (1976), Poulet et al. (1978a),
(1979)) or to CA + Hy (Cox (1980)). 1
channel producing OH + CpO (21%

Burrows et al.
The contribution of the reaction

at room temperature) is much highet than.

the upper limit reported by Burrows et al, (1% of total reaction)., The

value of the rate constant for this channel, when combined with the rate

constant for the reaction CL0 + OH (assuming the products are Cp

ylelds an equilibrium constant of 1.0, This gives a value for the heat of 1
formation of HO2 at 298 K of 3.3 kcal/mole, in reasonably good agreement ‘ i
!
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with the Howard (1980) value of 2.5 % 0.6 kcal/mole., Weissman et al.
(1981) propose that the reaction proceeda by radical combination to give
an excited HOOCA intermediate whose stabilization may become important at

stratospheric temperatures.

CL + CA20. The preferred value of 9.8 x 10-11 em3 1'n<>1e¢:ule"1 gl was

determined from two independent absolute rate coefficient studies reported

(1980), using the discharge flow-resonance fluorescence and
This value has been

by Ray et al.
discharge flow-mass spectrometric techniques.
confirﬁed by Burrows and Cox (1981) who determined the ratio k(Cr +

Cho0) /k(CL + Hp) = 6900 in modulated photolysis experiments. The earlier
value reported by Basco and Dogra (1971a) has been rejected. The
Arrhenius parameters have not -been experimentally determined; however, the

high value of k at 298 K precludes a substantial positive activation

energy.

Chr + OCAO. Data reported by Bemand, Clyne and Watson. (1973).

Cy + CAONOg. Recent flash photolysis/resonance fluorescence studies by

Margitan (1983a) and by Kurylo et al. (1983a) which are in good agreemment .

show that the rate constant for this reaction is almost two orders of

magnitude faster than that indicated by the previous work of Kurylo and
Manning (1977) and Ravishankara et al. (1977b). It is probable that the
slower reaction observed by Kurylo and Manning was actually O + CANO3, not

C) + CANO3. The preferred value averages the results of the two new

studies.

Ch + CANO. This value is based on the discharge flow-resonance
fluorescence study of Clyne and Cruse (1972) and the flash
photolynis-reaonance'fluoreacence study of Nelson and Johnston (1981).
Grimley and Houaton (1980) reported a value which is lower than this
preferred value by a factor of four. This low value may be due to
adsorption of CANO on the vessel walls in their static experiment. There
are no reliable data on the temperature dependence. A new study by Kita
and Stedman (1982) using the same technique as that of Clyne and Cruse
(1972) reports a value which 1s a factor of three higher than the

preferred value. However, there are insufficient data reported to assess
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the reliability of this result, and the preferred value has therefore heen
left unchanged.

Ch + CLOO. Values of 1.56 x 10-10, 9.8 x 10-11, and 1.67 x 10-10 have

been reported for k,(CA + CLOO = Chk2 + 03) by Johnston et al. (1969), Cox

et al. (1979), and Ashford et al. (1978), respectively. Values of 108,

20.9, 17, and 15 have been reported for ka(Ch + CRLOO 2 Cha + 02)/k(CA +
CL00 2 2 CAO) by Johnston et al., Cox et al., Ashford et al., and Nicholas

and Norrish (1968). Obviously the value of 108 by Johaston et al. is not

consistent with the others, and the preferred value of 17.6 was obtained
by averaging the other three values (this is in agreement with a value

that can be derived from a study by Porter and Wright (1953)). The

absolute values of k, and k} are dependent. upon the choice of AHE (CA00)
(the values of AHf (CAO0) reported by Cox et al. and Ashford et al. are
in excellent agreement, i.e. 22.7 and 22.5 kcal/mol, respectively). The
preferred value of ka(CA + CAOO = Cpy + 02) 1s taken to be the average of
the three reported values, i.e. 1.4 x 10~10 op3 molecule~l g-1,
Consequently, the preferred value of kp(Ch + CRLOO = 2 CAO) is ky/17.6,

i.e. 8.0 x 10712 ¢p3 molecule~l g=1, The E/R values are estimated to be

zero, which is consistent.with other experimentally determined E/R values

for atom-radical reactions.

O + CLO. Changed from JPL 83-62. There have been four recent studies of

this rate coefficient, three of which ¢overed an extended temperature
range. The recommendation is based on a least~squares fit to all data

below 370 K reported in the new studies by Leu (1984b), Margitan (1984b),
Schwab et al. (1984), and Ongstad and Birks (1984) and in the earlier

studies by Bemand et al. (1973), Clyne and Nip (1976b), and Zahniser and
Kaufman (1977). Values reported in the newer studies are lower than those
reported in the 1973 and 1976 studies. Inclusion of the new studies

results in a lowering of the recommended room temperature value by twenty
percent.

CAO + NO. The absolute rate coefficients. determined in the four discharge
flow mass spectrometric studies (Clyne and Watson (1974a), Leu and DeMore
(1978), Ray and Watson (1981la) and Clyne and MacRobert (1980)) and the

discharge flow laser mugnetic resonance study Lee et al. (1982) are in
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excellent agreement at 298 K, and are averaged to yield the preferred
value. The value reported by Zahniser and Kaufman (1977) from a y
competitive study is not used in the derivation of the preferred value as
it is about 33% higher. The magnitudes of the temperature dependences
reported by Leu and DeMore (1978) and Lee et al. are in excellent
agreement: Although the E/R value reported by Zahniser and Kaufman (1977)

-

R S

is in fair agreement with the other values, it is not considered as it is

dependent upon the E/R value assumed for the CA + O3 reaction. The

Arrhenius expression was derived from a least squares fit to the data

reported by Clyne and Watson, Leu and DeMore, Ray and Watson, Clyne and - i

MacRobert and Lee et al.

CLO + HO3. There have been four low pressure discharge flow studies, each
/

‘:'
;
§
Ed
3
?l.
s',
2
:

using a different experimental detection technique, and one high pressure
" molecular modulation study (Burrows and Cox,‘1981) at 298 K.. The values
L reported at 298 K, in units of 10-12 cm3 molecule~l s'l, are 0.85 ¢t 0.19 . ."' o
E (Poulet et al., 1978b), 3.8 * 0.5 (Reimann and Kaufman, 1978), 4.5 ¢ 0.9 .
" (Leck et al., 1980), 6.3 ¢ 1.3 (Stimpfle et al., 1979), and 5.4%%

(Burrows and Cox, 1981). The value of Poulet et al. was disregarded and

the preferred value taken to be the mean of the other four values, i.e. k St

b = 5.0 x 10712 cm3 molecule™! s~! The agreement between the low pressure I

A il T e en

values and the one atmosphere value suggests the absence of a third order

complex forming process. The only temperature dependence study (Stimpfle

et al.) resulted in a non-linear Archenius behavior. The data were best

described by a four parameter equation of the form k = Ae~B/T & cIn,

LN e

possibly suggesting that two different mechanisms may be occurring. The
f expression forwarded by Stimpfle et al. was 3.3 x 10~11 exp(-850/T) + 4.5

laeiaa

x 10~12 (1/300)=3:7., Two possible pteferred values can be suggested for

the temperature dependence of k; (a) an expression of the form suggested

by Stimpfle et al., but where the values of A and C are adjusted to yield

SICTR A

a value of 5.0 x 10712 at 298 K, or (b) a simple Arrhenius expression
which fits the data obtained at and below 300 K (normalized to 5.0 x 10-12
at 298 K), i.e., 4.6 x 10~13 exp(710/T). The latter expression is o

preferred. The two most probable pairs of reaction products are, (1) HOCA
+ 0y and (2) HCAL + O3. Both Leu (1980b) and Leck et al. used mass
spectrometric detection of ozone to place upper limits of 1.5% (298 K),
3.0% (248 K) and 2.0% (298 K), respectively, on kja/k. Burrows and Cox
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report an upper limit of 0,3% for ky/k at 300 K.

CMO + HCO. Poulet et al. (1980) have determined an upper limit of 10-13
em3 molecule™! s=! for k at 298 K using the diacharge flow=EPR technique.

CAO + OH., Changed from JPL 83-62, . Since the previous evaluation there
have been two atudies of this reaction. The results of Burrows et al.
(1984a) show & temperature-independent value. The results of Hills and
Howard (1984) are fifty percent higher at room temperature and exhibit a
slight negative temperature dependence. The recommendation is based on a
fit to the data reported in these two new studies. Effects due to
secondary chemistry in the studies of Ravishankara et al. (1983a) and Leu
and Lin (1979) preclude using rate data from these studies in the
derivation of the recommended value. The fraction of total reaction
yielding HO; + CA as products has been determined by Leu and Lin (1979), .
Burrows et al. (1984a), and Hills and Howard (1984); they feport values at
298 K of >0.65, 0.85 + 0.2, and 0.85 # 0.14 respectively. No product HCA

has been observed, and it is entirely possible that the HCA yield is
indeed zero.

(o] Xo] Reactions. These upper limits are based on the data of Walker
(reported in Clyne and Watson (1974a)). The upper limits shown for k
(298) were actually determined from data collected at either 587 or 670 K.

The Arrhenius expressions were estimated based on this ~600 K data..

CAO + CAO. No recommendation at present. For a discussion of the CRO +
CA0 reactions the reader is referred. to Watson (1977, 1980).

CA0 + 03. The branching ratio between the two channels is not known, but,

for the present discussion, is assumed to be unity. The Arrhenius

parameters were estimated, and the upper limit rate constants are based on .

data reported by DeMore, Lin and Jaffe (1976) and by Wongdontri~Stuper et
al. (1979).

OH 4+ HCA. Changed from JPL 83-62. Since the previous evaluation five
studies of this rate have been published. Husain et al, (1984) and Cannon

et al. (1984) report a room temperature value in good agreement with the
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pravioua. recommendation which wan based on aix studies in good agreement:
Takacs and Glass (1973a), Zahniser et al. (1974), Smith and Zellner
(1974), Ravishankara et al, (1977a), Hack at al. (1977), and Huaain et al.
(1981)., However, new studies by Molina et al. (1984), Keyser (1984), and
Ravishankara (private communication, 1984) report room temperature values
about twenty percent higher than the previous recommendation. In these
latter studies particular attention was paid to the determination of the
absolute concentration of HCA by UV and IR spectrophotometry. The

recommended value is based on a least-squares fit to the data véported in

these three new studies.

OH + HOCA. There are no experimental data for this reaction.. This 1s an

estimated value based on the OH + Hp0, reaction, which should have roughly

similar E/R>and A values.

OH + Substituted Methanes. There have been several studies of each of the
OH + CHyFyX(4ux-y) (X = C4 or Br) reactions, i.e. OH + CH3CX, CHCA2,
CHCA3, CHFCR), CHF,CAh, CHCAF, and CH3Br. In each case there has been
quite good agreement between the reported results (except for Clyne and
Holt, (1979b)), both at ~298 K and as a function of température. However,
in certain cases it c¢an be noted that the E/R values obtainéd from studies
performed predominantly above 298 K were greater than the E/R values
obtained from studies pérformed over a lower temperature range, e.g. the
E/R value for OH + CH3CA reported by Perry et al. (1976a) is significantly
higher than that reported by Davis et al. (1976). . These small but
significant differences could be attributed to either experimental error
or non-linear Arrhenius behavior. The recent results of Jeong and Kaufman
(1982) have shown a non-linear Arrhenius behavior for each reaction
studied. They found that their data could best be represented by a three
parameter equation of the form AT2exp(-B/T). The experimental
ATZexp(-B/T) fit is stated by the authors to be in agreement with that

expected from transition state theory. ~

The preferred values shown in thie review were obtained by first fitting
all of the absolute rate data for each reaction (except Clyne and Holt
(1979b)) to the three parameter equation AT2exp(-B/T), and then

simplifying these equations to a set of "derived Arrhenius expressicns"
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centerad at .265 K.

The derived Arrhenius expressions were centered at 265
K aa A temperature representative of the mid~tropnspharae., The
ATzaxp(~B/T) expressions are given for each reaction in the individual
notes, while the "derived Arrhenius expressions" are entered in the tahle
of preferred values, Obviously "derived" Arrhenius, expresaicna can be
centered at any temperature from the three parameter equations (these
should be restricted to within the temperature range studied).
Transforming k = ATzexp(-B/T) to the form k = A'exp(~E/T): E' = B + 2T and
A' = A x e x T2,

OH + CH3CA. The preferred values were obtained using only absolute rate
coefficient data. The data of Howard and Evenson (1976a), Davis et al.
(1976), Perry et al. (1976a), Paraskevopoulos et al. (1981) and Jeong and
Kaufman (1982) are in good agreement and were used to determine the
preferred values. Fitting the data to an expression.of the form
ATZexp(-B/T) results in the equation 3.49 x 10-18 Tzexp(-SSQIT) over the
temperature range (247-483)K. This results in a preferred value of 4.40.x
10-14 cm3 molecule~l s-1 for k at 298 K. - The derived Arrhenius expression
centered at 265 K is 1.81 x 10~12exp(-1112/T).

OH + CHpCRy. The preferred values were obtained using onl; absolute rate .
coefficient data. The accuracy of the OH + CH4/OH + CHaCAp study (Cox et
al., 1976a)) was probably no better than a factor of 2. The data of
Howard and Evenson (1976a), Davis g&_ﬂl. (1976), Perry et al. (1976a), and
Jeong and Kaufman (1982) are in good agreement and were used to determine
the preferred value (the values of Davis et al. are somewhat lower (20%)
than those reported in the other studies but are included in the
evaluation). TFitting the data to an expression of the form ATzexp(-B/T)_
results in the equation 8.58 x 10-18 Tzexp(-SOZIT) over the temperature
range 245-455 K. This results in a preferred value of 1.41 x 10~13 ¢p3
molecule™! 8=l for k at 298 K. The derived Arrhenius expression centered
at 265 K 1is 4.45 x 10-12ex:p(-1032/T).

OH + CHCA3. The preferred values were obtained using only absolute rate
coefficient data. The accuracy of the OH + CH4/OH + CHCA4 study (Cox et
al. (1976a)) was probably no better than a factor of 2. . The data of

Howard and Evenson (1976a), Davis et al. (1976) and Jeong and Kaufman
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(1982) are in good agreement and were used to determine .the . preferred
\valuaa. Fitting the data to an expreasiaon of the form AT?exp(=B/T)
results in the equation 6.3 x 10-18 T2exp(=504/T) aver the temperature
range 245~487 K, This results in a preferred value of 1.03 x 10-13 cpml
molecule™! 8~! for k at 298 K. The derived Arrhenius expression centered

at 265 K is 3,27 x 10™12exp(-1034/T).

OH + CHFCAy. The preferred values were derived using the absolute rate
coefficient data reported by Howard and Evenson .(1976a), Perry et al.

(1976a), Watson et al. (1977), Chang and Kaufman (1977a), Paraskevopoulos

et al. (1981) and Jeong and Kaufman (1982).. The data of Clyne and Holt ,__ﬁ,wﬁ_j

(1979b) was not considered as it is in rather poaor agreement with the
other data within the temperature range studied, é.g. there is a
difference of ~65% at 400 K. Fitting the data to an expression of the .
form ATzexp(-B/T) results in the equation 1.71 x 10718 Tzexp(-483/T) over .
the temperature range 241-483 K. This results in a preferred value of 3.0
x 10714 ¢n3 molecule™! s=1 for k at 298 K. The der:ved Arrhenius
expression centered at 265 K is 0.89 x 10~12exp(-1013/7).

OH + CHF2CA. The preferred values were dérived using the absolute rate .
coefficient data reported by Howard and Evenson (1976a), Atkinson et al.
(1975), Watson et al. (1977}, Chang and Kaufman {1977a), Handwerk and
Zellner (1978), Paraskevopoulos et al. (1981) and Jeong and Kaufman
(1982), which are in good agreement. The data of Clyne and Holt (1979b)
was not considered as it is in rather poor agresment with the other data
within the temperature range studied, except at 298 K (the reported
A-factor of ~1 x 10~11 cm3 molecule~l s~! 1s inconsistent with that
expected theoretically). Fitting the data to an expression of the form
ATzexp(-B/T) results in the equation 1.51 x 10~18 T2exp(~1000/T) over .the
temperature range 250-482 K. This results in a preferred value of 4.68 x
10-15 ¢m3 molecule~! s~1 for k at 298 K. The derived Arrhenius expression
centered at 265 K is 0.76 x 10~12exp(~1530/1).

OH + CHaFCA. The preferred values were derived using the absolute rate
coefficient data reported by Howard and Evenson (1976a), Watson et al,
(1977), Handwerk and Zéllner (1978), Paraskevopoulos et al. (1981) ard
Jeong and Kaufman (1982) which are in fair agreement. Fitting the data to
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an expression of the form ATzﬂxp(-B/T) resulta in the equation 3,77 x

10-18 T28x9(~604/T) over the temperature range 245~486 K, This resultas in

a preferved value of 4,41 x 10714 op3d molecule~! a~l for k at 298 K. The
derived Arrhenius expresaion centered at 265 Kis 1.96 x 10'12axp(-113é/T).

OH + CH3CCA3, This evaluation is based on the recent data of Jeong and

Kaufman (1979) and Kurylo et al. (1979). Their results are in excellent

agreement over the temperature range 250-460 K. The earlier results of

Howard and Evenson (1976%), Watson et al. {(1977), Chang and Kaufman

(1977a) and Clyne and Holt (1979a) were discounted in favor of the recent

reaults., The earlier results showed higher values of the rate constant,

and iower E/R values. This may be indicative. of the CH3CCA3 used in the

early studies being contaminated wit® Luwall amounts of a reactive olefinic

impurity.

OH + CyCl4. The preferred value® at 298 < is ¢ mean of the values reported

by Howard (1976) and Chang and &:ufman (19774,
Winer et al. (1976), which is more ti s .

rejected..

- The value. reported by
Tactor of 10 greater, is
The. preferred Arrhesius parameters are these of Chang and
Kaufman.

OH + CpHCA3. The preferred value at 298§ K ;. & mean of the values

reported by Howard (1976) and Chang and Kaufman (19:7a).. Tie value
derived from « velative rate coefficient study by Winer et al. (1976) is a.
factor of about ~2 greater than the other values and is not considered in

deriving the preferred value at 298 K. The Arrhenius parameters are based.

on those reported by Chang and Kaufman (the A-
the preferred value at 298 K).

factor is reduced to yield

OH + CFCA3 and. OH + CFaCAa. The A-factor was edtimated, and a iower 1limit

was derived for E/R by uéing the upper limits renorted for the. rate

constants by Chang and Kaufman (1977b) at ab-nt ~480 K. These. e..pressions

are quite compatible with the upper iimits reported fur these rate

constants by Atkinson et al. (1975), Howard and Lvenson (1976a), Cox et

al. (19/6a) and Clyne and Holt (1979b). None of the investipators

reported any evidence for reaction between OH and the e

chlorofluoromethanes.
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OH + CAONO3. The results reported by Zahniaser at _al. (1977) and
Ravishankara et _al. (1977b) are in good agreement at ~245 K (within 25%),
considering the difficulties associated with handling CLONO7. The
preferred value is that of Zahniser et al. Nelther study reported any

data on the reaction producta,

O + HCA. Fair agreement exista between the results of Brown and Smith
(1975), Wong and Belles (1971), Kavishankara et al. (1977a), Hack et al.
(1977) and Singleton and Cvetanovic (1981) at 300 K (some of the values
for k (300 K) were obtained by extrapolation of the experimentally
determined Arrhenius expressions), but these are a factor of ~7 lower than
that of Balakhnin et al. (1971). Unfortunately, the values reported for
E/R are in complete disagreement, ranging from 2260-3755 K. The pteferred
value was based on the results reported by Brown and Smith, Wong and
Belles, Ravishankara et al., Hack et al. and Singleton and Cvetanovic but

not those reported by Balakhnin et al.

O + HOCA. There are no experimental data; this is an estimated wvalue

based on rates of O-atom reactions with similar compounds.

0O + CAONO. The results reported by Molina et _al. (1977b) and Kurylo
(1977) are in good agréement, and this data has been used to derive the
preferred Arrhenius expression. The value reported by Ravishankara et al.
(1977b) at 245 K is a factor of 2 greater than those from the other
studies, and this may possibly be attributed to (a) secondary kinetic
complications, (b) presence of NOj as a reactive impurity in the CAONO3,
or (c) formation of reactive photolytic products. None of the studies
reported identification of the reaction products. The recent room
temperature result of Adler-Golden and Wiesenfeld (1981) is in good

agreement with the recommended value.

O + CA30. The recommendation averages the results of Miziolek and Molina
(1978) for 236-295 K with the approximately 30 percent lower values of
Wecker et al. (1982) over the same temperature range. Earlier results by
Basco and Dogra (1971a) and Freeman and Phillips (1968) have not been

included in the derivation of the preferred value due to data analysis
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difficultiea in both studies.

O + OCAO. The Arrhenius expresaion was estimated based on 298 K data

reported by Bemand, Clyne and Watson (1973),

E4l., NO + OCAO. The Arrhenius expression was estimated based on 298 K data

reported by Bemand, Clyne and Watson (1973).

E42., Cp + CH3CN. New entry. The recommendation accepts the upper limit at

room temperature reported by Kurylo and Knable (1984) using flash

photolysis-resonance fluorescence. Poulet et al. (1984a) used discharge

flow-mass spectrometry and reported the expression k = 3.5 x 10-1l

exp(-2785/T) over the temperature range 478-723 K. They also reported a

room temperature value of 9 x 10‘15._which is a factor of 3 greater than

that calculated from their expression. . It appears likely that their room

temperature observations were strongly influenced by heterogeneous

processes. It should be noted that their extrapolated room temperature

value is approximately equal to Kurylo and Knable's upper limit. Olbregts
et al. (1984) reported values near 400 K. that agree with results of

Poulet et al.

E43. Cr + NO3 and CAO + NO3. New entry. The recommended values are based on

results reported by Cox et al (1984a) in the only reported study of these

reactions. .CAy was photolyzed in the presence of CALONO,; and the kinetic

growth and decay of NO3 were determined using time-resolved absorption at
662 nm.

E44. CH + Chp. New entry. The recommended value is based on the room
temperature results reported by Loewenstein and Anderson (1984),
Ravisiankara et al. (1983a), and Leu and Lin (1979). Loewenstein and
Anderson also determined that the exclusive products are CA + HOCA.

E45. HCAL + CAONO2. New entry. This upper limit is based on results of static

cell-long path UV absorption experiments by M. J. Molina (private

communication, 1985). Earlier unpublished results from the same
labo.atory have been shown to include significant heterogeneous effects.

New results of J. H. Goble, R. Friedl, S. P. Sarider and J. J. Margitan
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i (private communication, 1985) are in agreement with this upper limit. At
gﬂ; present the.only published information on thias rate constant is a much

iu less sensitive upper limit reported by Birks et al., (1977). Thia new ¥
Fv sensitive upper limit precludes this homogeneous reaction from having any . ;
% significant effect in atmospheric chpmistry. All of the above

investigators found the reaction to be catalyzed by surfaces,

E46. HCL + HOpNOp. New entry. This upper limit is based on results of
static photolysis = FTIR experiments (M. T. Leu, private communication,

1985). k

Fl. Br + 03. The results reported for k (298 K) by Clyne and Watson (1975),
Leu and DeMore (1977), Michael\gg_gl. (1978) and Michael and Payne (1979)
are in excellent agreement.. The preferred value at 298 K is derived by ' a
taking a simple mean of these four values. The temperature dependences
reported for k by Leu and DeMore, Michael et al. and Michael and Payne can

only be considered to be in fair agreement. There is a spread of 25% in k

at 200 K and 50% at 360 K. Although the results reported by Michael et

al. and Michael and Payne are in good agreement, there is no reason at .
present to discard the results of Leu and DeMore. Therefore, until

further results are reported, the preferred value was synthesized to best

fit all the data reported from these four studies.

- s

F2. Br + Hp0p. Using the discharge flow-mass spectrometric technique Leu |

(1980a), and Posey et al. (1981) determined an upper limit for k of ~2 x
10~13 at ~298 K. Leu also reported an upper limit for k of 3 x 10~15 at

417 K. An estimate of the Arrhenius expression would be <1 x
10‘11exp(-2500/T). The A-factor was chosen to be consistent with that
determined for the Ct + Hp07 reaction, and the E/R value was calculated to

study of this reaction has been reported by Heneghan and Benson (1983).

.

yield the upper limit at 298 K. However, since the previous evaluation a ? J
o

They report a room temperature value which is an order of magnitude ;

greater than the upper limit reported in the two previous studies. Until f

this discrepancy is resolved, we have chosen to leave the recommendation % i

unchanged.
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Br + HaCO. There have been two studies of this rate constant as
function of temperature; Nava et al. (1981), using the flash

photolysis-resonance fluorescence technique, and Poulet et al. (1981),
using the discharge flow-mass spectrometric technique,
in reasonably good agreement.

These results are
The Arrhenius exgression was derived from a
least aquares fit to the data reported in theee two studies. The higher

room temperature value. of LeBras et al. (1980) using the discharge flow -

EPR technique has been shown to be in error due to secondary chemistry
(Poulet et al.),

Br + HOp. Changed from JPL 83-62. The preferred room temperature value

is based on results of the recent study by Poulet et al. (1984b) using

LIF and MS techniques. This value is a factor of four larger than the

only other reported value by Posey et al. (1981), which seemed much too

low for an atom-radical reaction. However, even this new value seems

quite small, and therefore a large uncertainty factor has been assigned.

It should be.noted that the reactions of Br atoms with H902, HCHO, and HOy

are all slower than.the corresponding reactions of CA atoms by one to two
orders of magnitude.

BrO + 0. The preferred value is based on the value reported by Clyne et

al. (1976). This value appears to be quite reasonable in. light of the

known reactivity of Cr0 radicals with atomic oxygen. The temperature

dependence of k is expected to be small for an atom-
0 + CrO.

radical pro-ess, e.g.,

BrO + CLO. The results reported by Clyne and Watson.(1977) and Basco and

Dogra (1971b) differ not only in the magnitude of the rate constants,
also in the interpretation of the reaction mechanism,

is that reported by Clyne and Watson.

‘but .
The preferred value

The temperature dependence for such

process¢s io expected to be small, as for BrO + BrO. Although the-second

reaction channel is shown proceeding directly to Br + Cr + 0y,
proceed through Br + CLOO (AH°

it may

= =6.6 kcal/mol~l) or Cp + Broo (aAH®
unknown) .

BrO + NO. The results of the three low pressure mass spectrometric

studies (Clyne and Watson (1975), Ray and Watson (198la) and Leu (1%/9))
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and the high preasure uv absorption study (Watson et al. (1979)), which
all used pseudo first~order conditions, are in excellent agreement at 298
K, and are thought to be much more reliable than the earlier low preasure
uv absorption study (Clyne and Cruse (1970b)), The results of the two
temperature dependence studies are in good agreement and both show a small
negative temperature dependence. The preferred Arrhenius expression was
derived from a least squares fit to all the data reported in the four
recent studies. By combining the data reported by Watson et 2l. with that

from the three mass spectrometric studies, it can bé shown that this

reaction does not exhibif any observable pressure. déependence between 1 and .

700 torr total pressure. The temperature dependences of. k for the
analogous CLO and HOy reactions are also negative, and are similar in
magnitude.
BrO + BrO. There are two. possible bimolecular channels for this reaction:
BrO + BrO = 2Br + 0y (ki) and BrO + BrO 9 Bry + 0y (ky). The total rate
constant for disappearance of BrO (k = ki + kj) has been studied by a
variety of techniques, including discharge flow-ultraviolet absorption
(Clyne and Cruse, 1970a), discharge flow~mass spectrometry (Clyne and
Watson, 1975) and flash photolysis-ultraviolet absorption (Basco and
Dogra, 1971b; Sander and Watson, 1981b).
order in [BrO], those studies monitoring [BrO] by ultraviolet absorption
There is

Since this reaction is second

required the value of the cross section o to determine k.
substantial disagreement in the reported values of.o. .Although the
magnitude of ¢ is dependent upon the particular spectral. transition
selected and instrumental parameters such as spectral bandwidth, the most
likely explanation for. the large differences in the reported values of ¢
is that the techniques (based on reaction stoichiometries) used to
determine ¢. in the early studies were used incorrectly (see discussion by
Clyne and Watson). The recent study of Sander and Watson used totally
independent methods to determine the values of ¢ and (o/k). The
recommendations for k; and kj are consistent with a recommendation of k =.
1.14 x 1012 exp(+255/T) cm3 molecule~! s=l,

is the corrected value from Sander and Watson, and the pre-exponential

This temperature dependence
factor has been chosen to fit the value of k(298 K) = 2.7 x 10-12 ¢p3 .

molecule~! =1, which is the average of the values reported by Clyne and

Watson (the mass spectrometrir study where knowledge of o is not required)
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and by Sander and Watson (the recent absorption study). There was no.
observable pressure dependence from 50 to 475 torr in the latter study.
In a recent study, Cox et_al. (1982) used the molecular modulation
technique with ultraviolet absorption to derive a temperature independent

value of ky which is 50 percent greater than the 298 K value recommended
here.

The partitioning of the total rate constant into its two components, ky
and ky, has been measured by Sander and Watson at 298 K, by Jaffe and

Mainquist (1980) from 258 to 333 K, and by Cox et al. (1982) from 278 to

348 K. All are in agreement that kj/k = 0,84 + 0.03 at 298 K. In the

temperature dependent studies the quantum yield for the bromine

photosensitized decomposition of ozone was measured. Jaffe and Mainquist

observed a strong, unexplained dependence of .the quantum yield at 298 K on

[Brpl, and their results were obtained at much higher [Brj] values than

were those of Cox et al. This makes a comparison of results difficult.

From an analysis of bofh sets of temperature dependent data, the following
expressions for k;/k were derived: 0.98 exp(-44/T) (Jaffe and Mainquist);
1.42 exp(~163/T) (Cox et al.); and 1.18 exp(~104/T) (mean value). This
mean value has been combined with the expression for k given above to

yield the expression for ki shown in the table. The expression for kjp

results from the numerical values of ky at 200 K and 300 K derived from
the evaluation of these expressions for k; and for k(=k; + kj).

F9. BrO + 03. Based on a study reported by Sander and Watson (1981b). Clyne

and Cruse (1970a) also reported an upper limit of 8 x 1014 cm3 molecule~l

-1 for this reaction. Both studies reported that there is no evidence

for this reaction. The analogous CAO reaction has a rate constant of

<10~18 op3 molecule~l g-1,

F10. BrO + HOz. The preferred value was based on the value of k(CRO + HO3) .

Cox and Sheppard (1982) have studied the rate of this reaction in an
investigation of the photolysis of O3 in the presence of Brp, Hp, and 0y
using the molecular modulation - ultraviolet absorption technique.
Although the reported value is not very precise, it does show that this
reaction occurs and at a rate comparable to that for CAO 4 H02. By
analogy with the CLO + HO; system, the products may be expected to be HOBr
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BrO + OH, Value chosen to he conasistent with k(CAO + OH), due to the

ahsence of any experimental data.

OH + HBr. The preferred value at room temperature averages the values
reported by Ravishankara et al. (1979a) using FP-RF, by Jourdain et

al. (1981) using DF-EPR, and by Cannon et al. (1984) using FP-LIF. The
data of Ravishankara et al. (1979a) show no dependence on temperature

over the range 249-416 K. Values reported by Takacs and Glass (1973a) and
by Husain et al. (1981) are a factor of two lower and were not included

in the derivation of the preferred value.

OH + CH3Br. The absolute rate coefficients determined by Howard and
Evenson (1976a) and Davis et al. (1976) are in excellent agreement at 298
K. The same approach has been used to determine the préferred Arrhenius
parameters as was used for the OH + CHyFyCA4.x.y reactions. Fitting the
data to an expression of the form ATZexp(~B/T) results in the equation
1.17 x 10"18 T2exp(~295/T) over the temperature range 244-350 K. This
results in a preferred value of 3.86 x 10714 cm3 molecule™! s~! for k at
298 K. The derived Arrhenius expression centered at 265 K is 6.09 # 1013
exp(~825/T).

O + HBr. Results of the recent flash photolysis-resonance fluorescence
study of Nava et al. (1983) for 221-455 K provide the only data at
stratospheric temperatures. Results have also been reported by Singleton
and Cvetanovic (1978) for 298-554 X by a phase-shift technique, and on
disdharge flow results of Brown and Smith (1975) for 267-430 K and of
Takacs and Glass at 298 K. The preferred value is based on the results of
Nava et al. and those of Singleton and Cvetanovic over the same
temperature range, since these results are leas subject to complications
due to secondary chemistry than are the results using discharge flow
techniqdea. The uncertainty at 298 K has been set to encompass these

latter results.

OH + Bry. Necw entry. The recommended value is based on the room

temperature results feported by Loewenatein and Anderson (1984) and by
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Poulet et al. (1983). Loewenstein and Anderson also determined that the !
I
exclusive products are Br + HOBr, . ;

r h
I
2

i
Gl. F + 03. The only experimental data is that reported by Wagner et al. :

(1972). The value appears to.be q ite reasonable in view of the well
known reactivity of atomic chlorine with 03.

IS 7

G2. F + Hp. Changed from JPL 83-62., The value of k at 298 K seems to be well
established with the results reported by Zhitneva and Pshezhetakii (1978),

it b s e

Heidner et al. (1979, 1980), Wurzberg and Houston (1980), Dodonov et al.
(1971), Clyne et al. (1973), Bozzelli (1973), and Igoshin et al. (1974),
being in excellent agreement (range of k being 2.3-3.0 x 10~11 cm3

S ——a - T ———ETr
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molecule™! s~1), The preferred value at 298 K is taken to be the mean of

the values reported in these references. Values of E/R range from

e s ratm .

433-595 K (Heidner et al., Wurzberg and Houston, Igoshin et al.). The

preferred value of E/R 1s taken to be the mean of the results from all of

s s S T T T T M T
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the studies.. The A-factor was calculated by taking E/R to be 525 K, and k , g
| at 298 K to be 2.7 x 1011 em3 molecule~l s-1, ? 1

; ] G3. F + CH4. The three absolute rate coefficients determined by Wagner et al. |
(1971), Clyne et al. (1973) and Kompa and Wanner (1972) at 298 K are in
good agreement; however, this may be somewhat fortuitous as the ratios of

k(F + Hp)/k(F + CH;) determined by these same groups can only be

3 e RSy TR

considered to be in fair agreement, 0.23, 0.42 and 0.88. The values

determined for k (298) from the.relative rate coefficient studies are also

in good agreement with those determined in the absolute rate coefficient

studies, and the value of 0.42 reported for k(F + Hp)/k(F + CHy) by Foon

R Tl o T A e e o i

and Reid (1971) is in good agreement with that reported by Clyne et al.
The preferred value of 8.0 x 10~11 for k (298) is. a weighted mean of all

the results. The magnitude of the temperature dependence is somewhat

LT T RTINS
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uncertain. The preferred Arrhenius parameters are based on the data ‘
Teported by Wagner et al., and Foon and Reid, and the preferred Arrhenius 3
parameters of the F + Hj; reaction. This reaction has recently been .

reviewed by both Foon and Kaufman (1975) and Jones and Skolnik (1976).

il L

The A-factor may be too high. Since the earlier evaluation there has been
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another atudy of thia reaction, by Fasano and Nogar (1982). The reported.
value at 298 k is 30% lower than the preferred value, well within the
stated uncertainty limita. The preferred value is based or results of
five studies and the inclusion of this.new result does not change the

preferred value,

F + Hp0. Changed from JPL 83-62, The recommended expression is based.
on the recent results of Walther and Wagner (1983). These are the only
published results and are selected in preference to earlier unpublished
results of Zetzsch (1971) .which were quoted in the review of Jones and
Skolnik (1976).

NO + FO. This is the value reported by Ray and Watson (198la) for k at
298 K using tha.discharge flow-mass spectrometric technique. The
temperature dependence of k is expected to be small for such a
radical-radical reaction. .The temperature dependénces of k for the
analogous CAO and BrO reactions have been reported to be negative, with

E/R preferred values of =294 K and -265 K, respectively.

FO + FO. Although the value of k (FO + FO) reported by Clyne and Watson
(1974b) was obtained in a more direct manner than that of Wagner et al.
(1972), and as such is less susceptible to error due to the presence of
complicating secondary reactions and thus would normally be preferred, the
value to be recomménded in this assessment is a weighted average of the

two studies. From the data of Wagner et al. it can be seen that the

~ dominant reaction channel is that producing 2F + Oy. However, their data

base 18 not adequate to conclude that it is the only process.

FO + 03. The FO + 03 reaction has two possible pathways which are .
exothermic, resulting in the production of F + 2 03 or FO3 + 0. Although
this reaction has not been studied in a simple, direct manner, two studies.
of complex chemical systems have reported some kinetic .information about
it. Starrico et al. (1962) measured quantum yields for ozone destruction
in F3/03 mixtures, and attributed the high values, ~4600, to be due. to the
rapid regeneration of atomic fluorine via the FO + 03 @ F + 203 reaction.
However, their results are probably also consistent with the chain

propagation process being FO + FO 9 2 F + 02 (the latter reaction has been
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studied twice (Wagner et al. (1972), Clyne and Watson (1974h)), and
although the value of (Flproduced/[FOlcongumed 18 known to be close to
} unity, it has not been accurately determined. Consequently it is

imposaible to ascertain from the esxperimental results of Starrico et _al.
whether or not the high quantum yields for ozone degtruction should be

‘ attributed to the FO + 03 reaction producing either F + 2 02 or FOy + 0g
%- (this process is also a chain propagation step if the resulting FOp

: radical preferentially reacts with ozone rather than with either FO or

E itself). Wagner et al. utilized 2 low pressure discharge flow-mass

» spectrometric aystem to study the F + O3 and FO + FO reactions by directly
monitoring the time history of the concentrations of F, FO and 03. They
concluded that the FO + O3 reaction was unimportant in their system.
However, their paper does not present enough information to warrant this
conclusion. Indeed, their value of k(FO + FO) of 3 x 10~1l ig about a
factor of 4 greater than that reported by Clyne and Watson, which may
possibly be attributed to either reactive impurities being present in
their system, e.g., 0(3P), or the FO + O3 reactions being not of
negligible importance in their study. Consequently, it is not possible to
determine a value for the FO + O3 reaction rate constant from existing
experimental data. It is worth noting the the analogous CL0 + 03
reactions are extremely slow (<10~18 cm3 molecule-l s~1) (DeMore et al.
(1976)), and upper limits of 8 x 10-14 (Clyne and Cruse (1970a)) and 5 x
10~13 ¢m3 molecule~l s-1 (Sander and Watson. (1981b)) have been reported
for BrO + 03.

}
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G8. O + FO. This estimate is probably accurate to within a factor of 3, and
is based upon the assumption that the reactivity of FO is aimilar to that
of CL0 and BrO. The recommended rate constants for the C20 and BroO
reactions at ~298 K are 4.0 x 10~11 and 3.0 x 10-11, respectively, The

temperature dependence of the rate constant is expected to be small. The

temperature dependence of the analogous CAO reaction is E/R = 50 + 100 K.

G9. O + FO3. No experimental data. The rate constant for such a radical-atom
process is expected to approach the gas collision frequency, and is not

expected to exhibit a strong temperature dependence.
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CX302 + NO. New entry. These recommended values for the reactions

of NO with the perhalogenated methylperoxy radicals are based on the.
results reported by Dognon et al. (1985) for the temperature range
230-430 K. They are in good agreement with the room temperature valuaes
reported for the reaction of CF303 (Plumb and Ryan (1982a)),

CFCA202 (Lesclaux and Caralp (1984)), and CCA30p (Ryan and Plumb
(1984)). Dognon et al. have shown that NOp is the major product in

these reactions.

OH + HpS. The value of k(298) is an average of the rate constants
reported by Perry et al. (1976b), Cox and Sheppard (1980), Wine et al.
(1981a), Leu and Smith (1982a), and Michael et al. (1982). The value of
E/R is taken from a composite unweighted least squares fit to the.
individual data points from these same five studies. The study of Leu and
Smith (1982a) shows a slight paraboli¢ temperature dependence of k with a
minimum occurring near room temperature. Within the error limits stated
in this evaluation, all data are fit reasonably well with an Arrhenius
expression. .The data from the very recent study by Lin (1982) are in
excellent agreement with the present recommendation. They also show a
slight non-Arrhenius behavior. The weight of evidence from these recent
measurements suggests that the earlier study by Westenberg and deHaas
(1973b) was in error (quite possibly due to secondary reactions). The
room temperature value of Stuhl (1974) lies just outside .the .20 error
limit set for k(298). A very recent study by Friedl et al. (1984a)

using OH resonance fluorescence and SD laser-induced. fluorescence
detection yields a value of k(298 K) = 2.3.x 1012 for. the reaction OH +
D2S = HDO + SD. This slower rate constant is consistent with the
expected kinetic isotope effect.. The quantitative relationship between
the OH consumed and the SD formed confirms the reaction products as

written.

OH + 0CS. Changed from JPL 83-62. This recommendation averages the
results of Leu and Smith (1981) with the recent data of Friedl et al.
(1984a). Although the latter experiments involved OD rather than OH, one. .
would not expect a significant isotope effect for this reaction. Both of
these studies report nearly identical .values of k at 400 K but differ by a

factor of two at 298 K. Hence, over this temperature range they are
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approximately one order of magnitude lower than the reaulta of
Ravishankara et al., (1980b) who were thought to have minimized the
complications due to secondary and/ov excited atate reactions.present in
the studies of Atkinson et _al. (1978) and Kurylo (1978), The upper limit
for k(298 K) reported by Cox and Sheppard (1980) 1ia too insensitive to
permit comparison with the more recent studies., The similarity between
the E/R value of 2000 K calculable from the data of Ravishankara et al.
(1980b) and that recommended here suggests that the interfering reaction
responsible for the OH removal in the experiments of Ravishankara et al.

has the same temperature dependence as the OH. 4+ OCS reaction (E/R ~ 1800

K). Such a suggestion, however, is not consistent with the identity of the ...

most common impurities in OCS (namely HyS and CO) since both species have
near zero activation energies for their OH reactions. This would have led
to a considerably lower observed temperature dependence in the
Ravishankara et al. work. The possibility of a pressure effect has not
been totally resolved although Ravishankara et al. observed no change in k
with pressure between 20 and 100 Torr (for both Ar and SFg). The Leu and
Smith (1981) and Friedl et al. (1984a) experiments were performed at
pressures less than 10 Torr. Pending further experimental results we have.
set the uncertainty factor on k(298) to encompass all three studies. The
value chosen for AE/R covers the reported E/R values from both Leu and

Smith (1981) and Friedl et al. (1984a).

Product observations by Leu and Smith (1981) and Friedl et al. (1984a)
indicate that SH (or SD) is a primary product of the OH (or OD) reaction
with OCS and tentatively confirm the suggestion of Kurylo and Laufer
(1979) that the reaction produces predominantly SH + COy through a
complex (adduct) mechanism. <this mechanism is similar to the adduct
formation seen in the OH + CO7 and OH + CS; reactions. There are,
however; no measurements exploring a possible 0y effect for this

reaction at high pressures. Such an effect has been observed in the OH +

CSp reaction (see following note).

OH + CSp. There is a consensus of experimental evidence indicating that
this reaction proceeds very slowly as a direct bimolecular process. Wine
et al. (1980) set an upper limit on k(298 K) .of 1.5 x 10~15, More
recently, Friedl et al. (1984a) have measured a value of k(298 K) = 3.0 x

89

o




P AR I

TR R

-
.
i

T TR S T TR

10-16 gor the oD reaction. A conaistent upper limit is also reported by
Iyer and Rowland (1980) for the rate of direct production of OCS in an .OH
+ C82 reaction system suggesting that OCS and SH are the primary products
of the bimolecular . r 8s., Tigs-resolved detection of SD produced in the
0D + CS reaction led Friedl et al. (1984a) to similarly conclude that 8D
is a primary homogeneous reaction product of the OD reaction. This
mechanistic interpretation is further supported by the studies of Leu and
Smith (1982b) and Biermann et al. (1982) which set upper limits on k(298)
somewhat higher than Wine et al. (1980). The more rapid reaction rates
observed. by Atkinson et al. (1978), Kurylo (1978), and Cox and Sheppard
(1980) may be attributed to severe complications arising from excited
atate and secondary chemistry in their photolytic systems. The Cox and
Sheppard study in particulai may have beer affected by the reaction of
electronically excited CSy (produced via the 350 nm.photolysis) with 02
(in the 1 atmosphere synthetic air mix). The importance of this reaction

in the tropospheric photooxidation of CS2 to OCS has been suggested by
Wine et al. (1981d),

Investigations by Wine et al. (1984b), Jones et al. (1982), and Barnes et
al. (1983) have demonstrated a marked acceleration of the OH + Csy
reaction in the presence of 02 with a one to one relationship between the
S0, and .OCS produced. and the €S2 consumed. . In the B:-nes study the
effective bimolecular reaction rate was found to be a function of total
pressure (02 + Np) as well, and exhibited an appreciable negative
temperature dependence. These observations are consistent with the
formation of a .long-lived collision adduct poatuiated by Kurylo (1978) and
Kurylo and Laufer (1979), followed by its reaction with. Oj:

k
a

OH + Cs, + M @ Hocs

ky

2+M

k
HUCS, + 0, % Products

Wine et al. (1984b) have in fact directly observed the approach to
equilibrium in this reversible adduct formation. The rearrangement of
such an adduct followed by dissociation into 0OCS and SH corresponds to the
low k (bimolecular) channel referred to earlier, Friedl et al. (1984a)
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observe a slight negative temperature dependence of this reaction in
contrast to OH + OCS which is characterized by a normal activation energy.
Further information is needed regarding the microscopic aspects of the
reaction mechanisms of both reactions in order to interpret these
differences in Arrhenius parameters.

The effective second order rate constant of CS9 or OH removal in the

above-written scheme can be expressed as

Vkees " % kP )

where POZ is the partial pressure of Oy and Py equals P°2 + PNZ' The
validity of this exprassion requires that kg and ki are invariant with the
P02/PN2 ratio. A l/k.vs llPo2 plot of the data of Jones et al. taken at
atmospheric pressure exhibits marked curvature, suggesting a more complex
mechanistic involvement of Oz. The more extensive data base of Barnes et
al., however, appears to be fit quite satisfactorily by the above
analysis. Nevertheless several inconsistencies arise. First, under the
same conditions of P02 and PNZ’ the Barnes et al. rate constants lie ~60%
higher than those of Jones et al. Secondly, two fits of the Barnes data
can be made: one at fixed Py and varying Poz, and the other at fixed P02
and varying Py (i.e. varying edded N3). While both fits converge for mole
fractions of Oy near 0.2 (the common data point) their differences
approach more than a factor of 2 for a pure 02 system. Finally, the
temperature dependence of the kegs values from Barnes et al. varies
systematically from an E/R or ~1300 K for runs in pure 0p (at 700 torr
total pressure) to ~2900 K in a 50 torr 0 plus 650 torr N7 mixture.

These last two observations suggest that ko, and ki, are not independent of
the ide. tity of M.

The present recommendation was derived by averaging the two above
mentioned fits of the Barnes et al. room temperature data and
incorporating the temperature dependence calculated from an Arrhenius
analysis of the 1/kgegf vs. Po, fits of the constant Py data at

264, 278, and 293 K. This leads to the following equation:
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H4.

k(298) = 3,7 x 10-13 p em3 molec~! a1

for air mixtures (i.e. POZ/PN2 = 0.25) where P (the total pressure) is
expressed in torr. The uncertainty factor at 298 K (fa9g = 1.5)
encompasses the synthetic air data of Jones et al. It also includes the

SFg + Oy data of Wine et al. (1984b).

values of k at temperatures below 298 K can be calculated from the

expression

k = 2.0 x 1018 exp[(2200 * 500)/T] x P cm3 molec~! sl

Again, this expression is valid for oxygen-nitrogen mixtures at a total
pressure P (in torr) having an oxygen mole fraction of 0.2. The AE/R has

been set to account for (within 20) the range of E/R found as a function

of the POZ/PN2 ratio.

No recommendation is given for Ny + Oy mixtures with mole fractions
differing from air since, as mentioned, the fits to. the two sets. of Barnes
et al. room temperature data diverge at high 07 mole fractions.

Additional work is needed to understand more fully the complex details of

this reaction.

0 + HpS. This recommendation is derived from an unweighted least squares
fit of the data of Singleton et al. (1979) and Whytock et al. (1976).. The
results of Slagle et al. (1978) show very good agreement for E/R in the
temperature region of overlap (300~500 K) but lie systematically higher at
every temperature. The uncertainty factor at 298 K has been chosen to
encompass the values of k(298 K) determined by Slagle et al. (1978) and
Hollinden et al. (1970). Other than the 263 K data point of Whytock et
al. (1976) and the 281 K point of Slagle et al. (1978) the main body of
rate constant data be'ow 298 K comes from the study of Hollinden et al.
(1970), which indicate ' a dramatic change in E/R in this temperature
region. Thus, AE/R was set to account for theae observations. Such a
non-linearity in the Arrhenius plot might indicate a change in the

reaction mechanism from abstraction (as written) to addition. An
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additional channel (resulting in H atom displacement) has been proposed

for thia reaction by Slagle et al. (1978), Singleton et al. (1979), and
Singleton et al. (1982).

s s T———

In the two Singleton studies an upper limit of
Co 20% is placed on the displacement channel, Direct observation of product

HSO was made in the recent reactive scattering experiments of Clemo et al.

(1981) and Davidson et al. (1982), A threshold energy of 3.3 Kcal/mole

was observed (similar to the-activation energy measured in earlier

studies) suggesting the importance of this direct displacement channel.
Addition products. from this reaction have been seen in a matrix by
Smardzewski and Lin (1977). Further kinetic study in the 200 to 300 K
range as well. as quantitative direct mechanistic infoimation could clarify

these issues. This reaction is thought to be of limited stratospheric
importance, however.

e £ e e s T ST

H5. O + OCS. The value for k(298 K) is the average of five different studies

of this reaction: Westenberg and de Haas (1969a), Klemm and Stief (1974),

Wei and Timmons (1975), Manning et al. (1976) and Breckenridge and Miller
(1972).

et s e e HEE

The recommended value for E/R 1is the average of those determined

in the temperature studies reported in the first three references. Hsu et

al. (1979) report that this reaction proceeds exclusively by a stripping
mechanism.

H6. O + CSy. The value of k(298 K) is the average of seven determinations:

Wei. and Timmons (1975), Westenberg and de Haas (1969a), Slagle et al.

(1974a), Callear and Smith (1967), Callear and Hedges (1970), Homman et

al. (1968), and Graham and Gutman (1977). The E/R value ia an average of

3 those determined by Wei and Timmons (1975) and Graham and Gutman (1977).

E/R has been set to encompass the limited temperature data of Westenberg
and de Haas (1969a).

+ SO.

The principal reaction products are thought to be CS

However, Hsu et al. (1979) report that 1.4% of the reaction at 298 i
K proceeds through the channel yielding CO + S2 and calculate a rate
constant for the overall process in agreement with that recommended.

Graham and Gutman (1977) have found that 9.6% of the reaction proceeds to
yield OCS + S at room temperature.

H7. O + SH.
(1975).

This recommendation accepts the results of Cupitt and Glase

The large uncertainty reflects the fact that there is only one
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H10.

H11.
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atudy of the reaction.

S + 02, This recommendation is based primarily on the study of Davis et
al. (1972). Modest agreement at 298.K is provided by the studies of Fair
and Thrush (1969), Fair et al. (1971), Donovan and Little (1972) and Clyne
and Townsend (1975). A more recent study by Clyne and Whitefield (1979)
indicates a slightly negative E/R between 300 and 400 K. Their data are

encompassed by the error limits of the present recommendation.

S + 03. This recommendation accepts the only available experimental data
by Clyne and Townsend (1975). In the same study these authors report a
value for S + Oz in reasonable agreement with that recommended. The error
limit cited reflects both the agreement and the need for independent

confirmation.

S + OH. This recommendation is based on the single study by Jourdain et
al. (1979). Their measured value for k(298) compares favorably with the
recommended value of k(O + OH) when one considers the slightly greater

exothermicity of the present reaction.

SO + 0. This recommendation is based on. the recent low temperature
measurements of Black et al. (1982a, 1982b). The room temperature value
accepts the latter results as recommended by the authors. The
uncertainties cited reflect the need for further confirmation and the fact
that these results lie significantly higher than an extrapolation of the
higher temperature data of Homann et al. (1968) upon which the previous
recommendation was based. A room temperature upper limit on k set by

Breckenridge and Miller (1972) is in good agreement with the Black et al.

data.

SO + 03. The value of k(298) is an average of the determinations by

Halstead and Thrush (1966), Robertshaw and Smith (1980), and Black et al.
(1982a, 1982b) using widely differing techniques. The value of E/R 18 an
average of the values reported by Halstead and Thrush (1966) and Black et
al. (1982b) with the A-factor calculated to fit the value recommended for

k(298).
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H13. SO + OH. The value recommended for k(298) is an average of the
determinations by Fair and Thrush (1969) and Jourdain et al. (1979). Both

sets of data have been corrected using the present recommendation for the

0 + OH reaction,

Hl4, SO + NO3. The value of k(298) is an average of the measurements by R
: Clyne and MacRobert (1980) and Black et al. (1982a) which agree quite '
: well with the rate constant calculated from the relative rate measurements o ;ﬂ

h} of Clyne et al. (1966). . Ry

H15. SO + CAO, OCLO, and BrO. These recommendations are based on the single
investigation by Clyne and MacRobert (1981). Uncertainties for both the
Cr0 and OCAO reactions reflect the absence of any confirming

investigations. In the BrO reaction (performed in excess S0O), the BrO

decay was too rapid to permit quantitative analysis. The lower limit for

ey

k(298) was therefore obtained from the measurement of SO production.

Rl g

H16. SOy + HOp. This upper limit is based on the atmospheric pressure study of

Graham et _al. (1979). A more recent low pressure laser magnetic resonance
study by Burrows et al. (1979) places a slightly higher upper limit on
k(298) of 4 x 10~17 (determined relative to OH .+ H202). Their limit is
based on the assumption that the products are OH + S0j3. The weight of

2 e e B AT TR R
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both these studies suggests an error in the earlier determination by Payne

et al. (1973). 'j

3 H17. CH303 + SO3. This recommendation accepts results from the study of Sander

and Watson (1981a), which is believed to be the most appropriate study for

stratospheric modeling purposes among those which have been conducted. {
Their experiments were conducted using much lower CH307 radical
concentrations than in the earlier studies of Sanhueza et al. (1979) and
Kan et al. (1979), both of which resulted in k(298) values approximately
100 times larger. A more recent report by Kan et al. (1981) postulates
that these differences are due to the reactive removal of the CH30250) A
adduct at high CH307 radical concentrations, prior to its reversible '
decomposition into CH30, + SO;. They suggest that such behavior of ‘
CH302807 or its equilibrated adduct with 03 (CH30250207) would be expected i

in the studies yielding high k values, while decomposition of CH30280; _ j
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into..reactants would dominate in the Sander and Watson experiments. It

does not appear likely that such secondary reactions involving CH302, NO,

or other radical species, if they occur, would.be rapid enough under

normal stratosphere conditions to complete with the adduct decompoaition.

This new upper limit for k(298 K) is

based on a recent study by Friedl et al. (1984b) employing resonance

fluorescence detection for the measurement of product OH. A slightly more
0~-17 is reported by Black (1984) based

SH + 0. Changed.from JPL 83-62.

conservative upper. 1imit of 4. x 1
on the lack of SH decay (detected by laser-induced fluorescence).

However, the expected regeneration of SH by the reaction of OH with H2S

(the SH source) could complicate Black's measurement. The present

recommendation supercedes much highér upper limits set in the studies of

Tiee et al. (1981), Nielsen (1979), and Cupitt and Glass (1975).
this reaction is of

Even

at the recommended upper limit for k, however,

atmospheric importance. Further study is therefore needed.

cr + HoS. This recommendation is based on the laser-initiated,

time~resolved infrared chemiluminescence study by Nesbitt and Leone (1980)
which refines the measurements of Braithwaite and Leone (1978). The
2¢) the

uncertainty factor at 298 K has been set to encompass (within

discharge flow results of Clyne and Ono (1983) which may have been

complicated by heterogeneous effects oxr by wall loss of the very low

concentrations of H3S used.

C) + OCS; CrO + OCS; C)0 + SO2. These recommendations are based on the

discharge flow mass spectrometer data of Eibling and Kaufman (1983). The

upper limit on k(298) for the CA + 0CS reaction is calculated from their

minimum detectable decrease in atomic chlorine. Based on the observation

of product SCA, a lower limit for k(298) for the reaction as written can

-1 g-1,

be set at 10"18 cm3 molec

Similarly, the upper limit on k(298) for the CAO + OCS reaction was set

from the minimum detectable decrease cf CAC in this reaction system. No

products were observed.
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H21.

H22.

H23,

The recommended upper limit on k(298) for the CAO + SOj reaction is based
on the authors' estimate of their detectability for 803, Other estimates
of k at 298 K and 200 K, based on the minimum detectable decrease in CRO,
have not been used because of the potential problem of CLO reformation
from the CA + O3 source reaction.

SH + Hg02. New entry. This recommended upper limit for k(298 K) is
based on the single study of Friedl et al. (1984b). Their value is
calculated from the lack of SH decay (measured by laser~induced
fluorescence) and the lack of OH production (measured by resonance
fluorescence). The three possible product channels are: HjS + HO,,
HSOH + OH, and HSO + H20.

SH + O3; HSO + 03. New entry. These recommendations are based on

the room temperature measurements of Friedl et al. (1984b) employing
laser-induced fluorescence detection of SH in a discharge flow reactor.
The SH + O3 reaction rate was determined from SH decays at low O3
concentrations since at the higher 03 concentrations (higher HSO
concentrations) SH approached a steady state due to regeneration via the
HSO + O3 reaction. The rate constant for the latter was determined
relative to the rate constant for the SH reaction from measurements of the
steady state SH concentration relative to initial SH. Based on the
observation of no isotope effect for either reaction when SD was employed,
the authors interpret the products of the HSO reaction to be SH + 209
(analaogous to that for the HO; + 03 reaction).

SH + NO3. New entry. This recommendation is an average of the two room
temperature LIF studies of Black (1984) and Friedl et al. (1984b) which
are in excellent agreement. While no products were observed, the reaction
as written reflects the most exothermic channel and quite possibly
explains the rapid reaction rate observed in comparison with the OH +

NO2 bimolecular reaction which is endothermic. In neither of the above
two studies was evidence found for a three-body combination reaction.
Black (1984) sets an upper limit of 7 x 1031 for this third body rate

constant based on a pressure independence from 30 to 300 Torr.
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H24.

H25.

H26. .

H27l

HOS0y + 0. New entry. This room temperature value for k is based on the
single study by Margitan (1984a) which is supported by the preliminary
measurements of Bando and Howard (private communication, 1984). The
Margitan results are derived from a modeling fit of OH radical decays in
the OH + S0 + M reaction syatem in the presence of varying amounts of 03
and NO. In this system the HO) generated by this reaction reacts with NO
to regenerate OH. The Bando end Howard investigation employs laser
magnetic resonance detection of HOj and chemical ionization detection of

S03 to obtain a preliminary value of k(298 K) similar to that of Margitan.

SOy + NOz; SO3 + NOp. New entry. The recommendations for both

of these reactions are based .on the recent study of Penzhorn and Canosa
(1983) using second derivative uv spectroscopy. The upper limit given for
k(298 K) in the S0 reaction is actually their measured value. However,
their observations of strong heterogeneous and water vapor catalyzed
effects prompt us to accept their measurement as an upper limit. . This
value is approximately two orders of magnitude lower than that for a dark
reaction observed by Jaffe and Klein (1966) in NO + SO2 mixtures

(much of which may have been due to heterogeneous processes). Penzhorn
and Canosa suggest the products of the SOj reaction to be NO + S013.

They observe a white aerosol produced in the reaction of NOy with SO3
and interpret it to be the adduct NSOg. This ¢claim is supported by ESCA

spectra.

SO2 + 03. New entry. This recommendation is based on the limited
data of Davis et al. (1974b) at 300 K and 360 K in a stopped~flow

investigation using mass spectrometric and uv spectroscopic detection.

CS + 0. New entry. The recommendation given for k(298 K) is based on
the work of Black et al. (1983) using LIF to monitor CS decays. This
value agrees with the somewhat less precise determination by Richardson
(1975) using OCS formation rates suggesting the validity of the reaction
products as written. The latter author presents evidence that this
reaction channel dominates the one producing SO ¢ CO by more than a
factor of 10. Measurements by Richardson at 293 K and 495 K yield an E/R
value of 1860 K. However, use of this activation energy with the

recommended value of k(298 K) results in an unusually low Arrhenius A
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H28.

Jl.

J2.

J3.
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factor of 1.5 x 10°16, 1In view of this, no recommendation is presently

given for the temperature dependence.

CS + 035 CS + NOp. New entry. The k(298 K) recommendationa for both
reactions accept the results of Black et al. (1983) who used LIF
real~time detection of CS in a laser photolysis experiment at room
temperature. The uncertainty factor reflects the absence of any

confirming measurements.

Na + 03. The recommendation is the average of measurements of Silver
et al. (1985) and Ager et al. (1985). The latter place an upper limit
on the path forming NaOj and O.

NaO + HCA. There is only one indirect measurement of the rate coefficient
for this reaction from the study of Silver et al. (1984a). They indicate
that the products are NaC{ and OH, although some NaOH and CA production is

not ruled out.

NaOH + HCA. The recommendation is based on the study of Silver et al.
(1984a), which is the only published study of this reaction.
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Table 2. Rate Constants for Three~Body Reactious

\
Low Pressure Limit High Pressure Limit o

ko(T) = k300(7/300)=F  ke(T) = K309(T/300)=M B

Reaction k300 n kg00 m Notes 4 "f

o+0; 4o, (6.0:0.5)(=34)  2.3:0.5 .. = - - 1 ', j

o(lp) + Ny 3 N0 (3.5£3.0)(=37)  0.6%%¢ - - - . 2' -f

*H + 0p- 3 Hop (5.5:0.5)(~32)  1.6£0.5  (7.524.0)(-11) 02l 3 ﬁ

on + on ¥ 0, (6.9£3.0)(-31)  0.8%9:8  (1.020.5)(~11)  1.01.0 4 %

%0 + No 3 wo, (9.0£2.0)(=32) 1.5$0.3 (3.041.0)(~11) 01 5 'é

0 + Nop ¥ Nog (9.0£1.0)(~32)  2.0£1.0 (2.2£0.3)(~11) 041 6 i

- oi .+ No ¥ Hono (7.0£2,0)(-31)  2.6%1.0 (1.541.0)¢-11)  0.5:0.5 7 lé
%3. oH + Nop B nwo, (2.620.3)(-30)  3.2:0.7  (2.421.2)(=11) 1.321.3 8 g
%. *H0, + NOy ¥ HooNO, (2.0£0.5)(~31)  2.7¢1.5 (4.2¢1.0)(~12)  2.0%2.0 9 _ j
% #N0, + NO3 ¥ Ny05 (2.2:0.5)(~30)  4.3:1.3 (1.5£0.8)(=12)  0.520.5 10 .fé
? cs + No B cano (9.0£2,0)(~32) 1.6£0.5 - - - 11 i 1
il wca + Nop 3 crono (1.320.2)(~30)  2.0£1.0 (1.020.5)(~10)  1.0%1.0. 12 }
f’ ¥ cano, (1.8£0.3)(~31)  2.021.0 (1.0£0.5)(~10)  1.0%1.0 12 1
i cr + 02 B croo (2.0£1.0)(~33)  1.4%1.4 - - - 13 g
s cro + Noy ¥ cpono, (1.8£0.3)(~31)  3.421.0 (1.5£0.7)(~11)  1.9#1.9 14 _ __ﬁ
Br0 + NOz 3 Browo, (5.0£2,0)(~31)  2.0£2,0 (1.0£0.5)(~11)  1.0%1.0 15 '-_ %

| 4

k (T)[M] : :

Note: k(2) = k(M,T) = (

2,~1
| {1 + [log,,(k (T)[M)/k_(T))]%)
T+ r (DI *6 100 *

The values quoted are suitable for air as the third body, M.

*Indicates a change from the previous Panel evaluation (JPL 83-62).
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(Continued)

(o lnd. .

Low Pressure Limit
ko(T) = k300(T/300)=n

High Pressure Limit
ka(T) = kg390(T/300)~m

Reaction k300 n k300 m. Notes
F+ 0y 3 ro, (1.620.8)(=32)  1.421.0 - - - 16
r + o ¥ ro | (5.9£3.0)(~32) 1.721.7 - - - 17

#F + No; ¥ Products - (1.120.6)(=30)  2.0:2.0  (3.0:2,0)(-11) 1.0%1.0 18
FO + Nop 3 FoNop (2.6£2.0)(~31) 1.3%1.3 (2.0£1.0)(~11)  1.5#1.5 19

*CHy + 0 3 CcHa0p (4.5¢1.5)(=31)  2.0%1.0 (1.820.2)(~12)  1.7#1.7 20
CH30; + NOy B CH30nNO,  (1.520.8)(-30) - 4.0£2.0-  (6.523.2)(-12)  2.0%2.0 21

*oK + 80, ¥ Hoso, (3.0£1,0)(=31)  3.3t1.5 (1.5£0.5)(~12) 043 22

*OH + Cof, J HOCHpCH;  (1.520.6)(~28) 0.822.0  (8.820.9)(-12)  0*§ 23

*OH + CoHp Y nocucu (5.5£2.0)(~30)  0.0£0.2 (8.3£1,0)(~13) -2,0%2:8 24

4CF3 + 05 3 cr30, (4.521.0)(~29) 212 (826)(~12) 121 25

#crcay + 0 3 crCr 0,  (5.0:0.8)(-30) 212 (6.0£1.0)(~12) 121 26

#cchy + 03 ¥ ccrs0, (1.020.7)(=30) 282 (2.5£2)(~12) 121 21

#CFCA20; + NOz ¥ CFCR,00N05(3.5£0.5)(~29) 412 (6.0£1.0)(~12) 212 28

#us + No 3 nsno (2.420.4)(=31) 3t] (2.720.5)(~11) ot 29

#Na + 0, ¥ nao, (1.9:1)(=30) . 1.120.5  (2,0£1.8)(-10) 021 30

k(D) [M) ) 0611+ [1ogy ok (D IMI/ky (1) 137

Note: k(Z) = k(M,T)

=
1+ k (TM]/k (T

The values quoted are suitable for air as the third body, M.

*Indicates a change from the previous Panel evaluation (JPL 83-62).

f#Indicates a new entry that was not in the previous evaluation.




1.

L

6.

NOTES TO TABLE 2

O + 03, Low-pressure limit and T-dependence are an average of Klais,
Anderson, and Kurylo (1980a), and Lin and Leu (1982), The result is in

agreement with most previous work (see references therein).

o(1D) + Ny. Low-pressure limit from Kajimoto and Cvetanovic (1976). The
T-dependence is obtained by assuming a constant 8. Rate constant is

extremely low in this special system due to electronic curve crossing.

H + 0. Kurylo (1972), Wong and Davis (1974) averaged. Both studies
include T-dependence; the recommended value is chosen with constant <AE>N2
~.05 kcal mole~l. This very low number reflects rotational effects. Tlhe
high pressure limit is from Cobos et al. (1985). The teﬁperatute
dependence is estimated. Cobos et al. estimate m = -0.6, which is within

our uncertainty.

OH + OH. Zellner (private communication, 1982) reports pressure and .
T-dependence in Nz for 253 < T < 353. Their values are in rough agreement
with those of Kijewsky and Troe (1972), who report low-pressure values. in

Ar for 950 < T ¢ 1450. Trainor and von Rosenberg (1974) also report a

value. —_

O + NO. Changed from JPL 83-62. Low-pressure limit and n from direct .
measurements of Schieferstein et al. (1983) and their reanalysis of the
data of Whytock et al. (1976). Error limits encompass other studies.
High-pressure limit and m from Baulch et al. (1980) and Baulch et al.
(1982), slightly modified.

O + NOz. Values of rate conatants and temperature dependences from the
evaluations of Baulch et al. (1980). They use Fo = 0.8 to fit the measured
data at 298 K, but our value of Fo = 0.6 gives a similar result.

Tn a supplementary review, Baulch et al. (1982) suggest a slight
temperature dependence for F., which would cause their suggested value to

rise to F, = 0.85 at 200 K.
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7. OH + NO. The low-pressure limit rate constant has been reported by

@ Anderson and Kaufman (1972), Stuhl and Niki (1972), Morley and Smith
(1972), Westenberg and de Haas (1972),. Anderson et al. (1974), Howard and
Evenson (1974), Harris and Wayne (1975), Atkinson et al. (1975), Overend et
al (1976), Anastasi and Smith {(1978), and Burrows et al. (1983). The

general agreement. is good, and the recommended value is a weighted average,

- with heavy weighting to the work of Anastasi and Smith. The reported high . : !

: ; preasure limit rate constant is generally obtained from extrapolation. The. i
recommended value is a weighted average of the reports in Anastasi and - )
Smith (1678) and Anderson et al. (1974). [Both e¢is and trans - HONO are

expected to be formed.)

o..
;

]
1(
:
b
-
\
‘
;

8. OH + NOp. The low-pressure limit is from Anderson et al. (1974), who
report n = 2.5 (240 < T/K <€ 450); Howard and Evenson (1974); Anastasi and
Smith (1976), who report n .= 2.6 (220 < T/K < 550) and Wine et al. (1979)
who support these values over the range (247 < T/K < 352). The recommended g

| value of n = 3.2 comes from <AE>y, = 0.55 kcal mole~!. (This value is .
- consistent with the experiments.) Burrows et al. (1983) confirm the value 4
? of k at.295 K. The high-pressure limit and T-dependence come from RRKM
l model of Smith and Golden.(1978), although the error limits have been |

expanded to encompass m = O,

|

T
e s e b a e Bokan

Robertshaw and Smith (1982) have measured k up to 8.6 atmospheres of CIy.
Their work suggests that ke might be higher than suggested here (~50%).
This might also be due to other causes (i.e., isomer formation.or

involvement of excited electronic states). The recommendation here fits

all data over the range of atmospheric interest.

9. HOp + NOz. Changed from JPL 83-62. The previous recommendation was
taken from Sander and Peterson (1984) and was their preferred fit to all of

their data over their complete temperature and pressure ranges. This fit

Al D ks o s Kkl B 325%.

is poorest for the low temperature, 100 torr data. The new recommendation
gives a better fit to all their data, particularly at low temperature.
These parameters also yield a k,(200 K) in better agreement with the
calculations of Patrick and Golden (1983). The recommended k,(300 K) is

i\ o ey i ac
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10.

11.

12.
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consistent with Howard (1977). More data are needed, particularly at
stratospheric temperaturea and pressures and on the temperature dependence
of the low pressure limit. Other studies by Simonaitiw and Heicklen (1978)
and Cox and Patrick (1979) are in reasonable agreement with the

recommendations.

NOs + NO3. Changed from JPL 83-62. Data on the reverse reaction are

from Connell and Johnston (1979) and Viggiano et al. (1981). (These data
are used in this analysis by multiplying by the equilibrium constant given
in Table 3.) A very thorough analysis of this data and a more complicated
fit than presented in JPL 83-62 can be found in Malko and Troe (1982).
Recent experiments by Kircher et al. (1984), Croce de Cobos et al. (1984),
Smith et al. (1985), and Moortgat (private communication, 1984), have
verified the equilibrium constant within 50% and extended the room

temperature data to 200 atm,

The values in Table 2 yield a curve that perfectly matches all the data up
to 5 atm. This includes the two lowest pressure points of Croce de Cobos
et al. The values. from this latter work above 10 atm are 30% higher than
the curve. The value of n = 4.3 is from Kircher et al. (1984). The value
of m= 0,5+ 0.5 is from Kircher et al. The study of Fowles et al. (1982)

is noted but not used in the analysis.

Chr + NO. Low-pressure limit from Lee et al., (1978a), Clark et al. (1966),
Ashmore and Spencer (1959), and Ravishankara et al. (1978). Temperature
dependence from Lee et al. (1978a) and Clark et al. (1966).

CL + NO3. Low-pressure limit and T~dependence from Leu (1984a). (The
T~dependence by assuming not much difference between N; and He.) Leu
confirms the observation of Niki et al. (1978c) that both CAONO and CANOj
are formed with the former dominating. This has been explained by Chang 23
al. (1979a) with detailed calculations in Patrick and Golden (1983). The
temperature dependence is as predicted in Patrick and Golden (1983). Leu's
(1984a) results are in excellent agreement with the report of Ravishankara
et al. (private communication, 1978). The latter work extends to 200 torr

and the high pressure limit was chosen to fit these measurements. The
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13,

14,

temperature dependence of the high pressure limit is estimated,

Ch + 0p. Stedman et al. (1968) and Nicholas and Norrish (1968) measured
this process in Ar. Recommended value based on k(Np)/k(Ar) = 1.8.

T~dependence from constant <AE).

CLO0 + NOp. The available kinetics data for this reaction fall into two
sets, which are in substantiai disagreement. Several independent
low-pressure determinations (Zahniser et al., 1977; Birks et al., 19773 Leu
et al., 1977; Lee et al., 1982) of the rate of CAO disappearance via the
CLO + NO2 + M reaction are in excellent agreement and give an average
ko(300) near 1.8 x 10~3! cmé s~1. No product identification was carried
out, and it was assumed that the reaction gave chlorine nitrate, CAONO2. In
cantrast, direct measurements of the rate of thermal decomposition of
CLONO7 (Knauth, 1978; Schonle et al., 1979), combined with the equilibrium
constant, give k,(300) = 4.5 x 10~32 cp6 s~1 for the three-body reaction
forming CAONOj. Since the measured rate of CAO disappearance seems well
established by four groups, the Knauth results can be reconciled with the
higher number by three different explanations: (1) the measured thermal
decomposition rate is incorrect; (2) the equilibrium constant is in error
by a factor of three (requiring that the AHg's are off by ~1 kcal/mole,
which, while small, is outside the stated error limits); (3) all the data
are correct, and the low-pressure CLO disappearance studies measured not
only a reaction forming CAONO2, but another channel forming an isomer, such

as OCANOz, CLOONO, or OCPONO (Chang et al., 1979a; Molina et al.,, 1980a).

Recent work by Margitan (1983b), Cox et al. (1984b), and Burrows et al.
(1985) indicate that there are no isomers of CAONO; formed. Thus, either

explanation (1) and/or (2) above must be invoked.

The high-pressure limit rate constants and their temperature dependence are
from the model of Smith and Golden (1978). The rate constants above fit
measured rate data for the disappearance of reactants (Cox and Lewis, 1979;
Dasch et al., 1981). Data from Handwerk and Zellner (1984) indicate a
slightly lower keg.
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15, BrO + NOp. Data at 300 K are from Sander et al. (1981). They auggest ky, =
(5.0 £ 1,0)(~31) ko = (2.0%9:8)(-11) and F, = 0.4%8:}5. The temperature

dependences are simple estimates.

PECENPI SNSRI R L IPT. *— -~

Even though isomer formation seems to have been ruled out for the CAO + NOj

ET‘ reaction (i.e. the isomer stability is too low to make a significant \
contribution to the measured rate constant), this does not eliminate the
possibility that BrO + NOj leads to more than one stable compound. In
fact, if the measured value of k, is accepted, it can only be theoretically
reconciled with a single isomer, BrONOj, which would have a 6~7 kcal mole~l
stronger bond than CAONO2! This would fix the heat of formation of BrONO;
to be the same as CAONO7, an unlikely possibility.

16. F + 03. Low-pressure limit from Baulch et al. (1982), who averaged the
results of Zetzsch (1973), Arutyunov et al. (1976), Chen et al. (1977), and

e et e i T i et e e Y, 3 S B S ki

Shamonima and Ketov (1979). Temperature dependence is calculated (Patrick B
and Golden (1983)). e .

Calculated values of the strong=-collision rate constant yield a more

physically meaningful value of B when the JANAF value of the heat of

. PR

formation of FO; is adopted. See notes to Table 3 and Patrick and Golden
(1983). 3

17. F + NO. Parameters estimated from strong collision calculations with <AE> C :
set at .42 kcal/mole~l, yielding B = ,30 at 300 K and B = .38 at 200 K.

T-dependence as per text.

BN

18. F 4 NOj. Changed from JPL 83-62., Experimental data of Fasano and Nogar
(1983) were used to determine both the high and low pressure limits at 300

K. They fit their data to an expression such as recommended here.

Treatment of the data for this system requires knowledge of the relative
stabilities of FNO; and FONO. Patrick and Golden (1983) assumed that the
difference between these would be the same as between the CANOy; isomers.

Thus, they concluded that kSgg(FNO3) = 8.9 x 10-31 and k9gp(FONO) =

2.4 x 1030, and that FONO would be formed ~3 times more favorably than

106




'

P

19.

20.

oA B . B B O B T T I T T N R R L Y L e LRSS RY o R JEEREEE

FNO7. We have found an error of a factor of four in their calculations,
which would predict k%go(FONO) & 1.06 x 10-29, and thue an overwhelming
amount of FONO. The measured value is k & 1,06 x 1030, which is one-tenth
of the predicted value.

A calculation at the MP-3/6-31G* level by Evleth (private communication,
1984) indicates that the FONO is much more than 10 kcal mol~! less stable
than FNO; and that its rate of formation can be ignored. Thus, we have
k(exp) = k(FNOp) = 1,06 x 10730,

The value of n = 2 is from Patrick and Golden, and the value of m is a

rough estimate from similar reactions.

FO + NO2. Low-pressure limit from strong collision calculation and B =
0.33. T-dependence from resultant <AE> = .52 kcal mole~l. High-pressure
limit and T-dependence estimated.

Once agein (see Note 15) multiple channels could be important here, which
would mean that the reaction between FO and NOj could be much faster, since

these values consider only FONOj; formation.

CH3 + Op. Changed from JPL 83-62. Low-pressure limit from Seltzer and
Bayes (1983). (These workers determined the rate constants as a function
of pressure in N3, Ar, 03, and He. Only the N; points were used directly
in the evaluation, but the others are consistent.) Plumb and Ryan (1982b)
report.a value in He which is consistent within error limits with the work
of Seltzer and Bayes. The work of Laguna and Baughcum (1982) seems.to be
in the fall off region. Results of Pratt and Wood (1984) in Ar are
consistent with this recommendation, although the measurements are
indirect.. Their T~dependence is within our estimate. As can be seen from
Patrick and Golden (1983), the above value leads to a very small B ~ .02,
and thus temperature dependence is hard to calculate. The suggested value
is an eatimate. Ryan and Plumo (1984) suggest that the same type of.
calculation as employed by Patrick and Golden yields a reasonable value of
8. We have not been able to. reproduce their results. The high pressure

rate constant is from work of Hippler et al. (private communication, 1984).
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21.

22.

(Data of ven den Bergh and Callear (1971), Hochanadel et al. (1977), Basco
et al. (1972), Washida and Bayes (1976), Laufer and Bass (1975), and
Washida (1980) are also considered.) The temperature dependence is

estimated,

CH302 + NOp. Parameters from a reasonable fit to the temperature and
pressure-dependent data in Sander and Watson (1980) and Ravishankara et al.
(1980a). The former reference reports their room=-temperature data in the
same form as h:rein, but they allow F, to vary. They report:

ko = 2.33 x 10730, kg = 7 x 10712(1/300)3:3, Fo = 0.4.
These parameters are a better fit at all temperatures than those
recommended here. We do not adopt them since they are not much better in
the stratospheric range, and they would require both a change in our fc =

0.6 format, and the adoption of a quite large negative activation energy
for kg

The CODATA recommendations (Baulch et al., 1982) are:

ke = 2.3 x 10730(1/300)"4, kg = 8 x 10712 and ¥ = e~T/320 4 ~1280/T;
yielding F. = .41 at 300 K and .54 at 200 K. These values do not fit the
data as well as the current recommendations. It is interesting to note
that the data require a negative T-dependence for kg, similar to our new

HO, + NOj recommendation, and that the value of B at 300 K is ~.2.

OH + SOp. Changed from JPL 83-62. Values of the -rate constant as a
function of pressure of 298 K from Leu (1982), Paraskovopoulos et al.
(1983), and Wine et al. (1984a). The value of the low preasure limit is
from Leu (1982), corrected for fall off.- The high pressure limit is from a
fit to all the data.

The value of n comes from the above data combined with calculations such as
those of Patrick and Golden (1983), except that the heat of formation of
HOSO, ie raised by 4 kcal mol~l, as suggested by the work of Margitan
(1984a). The value of m is estimated. This is not a radical-radical
reaction and is unlikely to have a positive value of m. The limit of m =
-2 corresponds to a real activation energy of ~1 kcal mol~l, Earlier data

listed in Baulch et al. (1980) and Baulch et al. (1982) are noted.
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23.

24,

OH + CpH4. Changed from JPL 83-62. Experimental data of Tully (1983),
Davis et al. (1975), Howard (1976), Greiner (1970a), Morris et al. (1971),
and Overend and Paraskevopolous (1977b) in helium, Atkinson et al. (1977)
in argon, and Lloyd et al. (1976) and Cox (1975) and Klein EE.El' (1984)

in nitrogen/oxygen mixtures, have been considered in the evaluation. This
well-studied reaction is considerably more complex than most others in this
table. The parameters recommended here fit exactly the same curve proposed
by Klein et al. (1984) at 298 K. Discrepancies remain and the effect of
multiple product channels is not well understood. The temperature
dependence of the low-pressure limit has not been determined

experimentally. Calculations of the type in Patrick and Golden (1983)
yield the recommended value.

The high<-pressure limit temperature dependence has been determined by
several workera. Almost all obtain negative activation energes, the
Zellner and Lorenz (1984) value being equivalent to m = + 0.8 over the
range (296 < T/K < 524) at about 1 atmosphere. Although this could
theoretically arise as a result of reversibility, the equilibrium contant
is too high for this possibility. If there is a product channel that
proceeds wth a low barrier via a tight transition state, a complex rate
constant may yield the observed behavior. The actual addition process (OH.

+ C2Hy) may even have a small positive barrier. The recommended limits
encompass the reported valuea.

$
OH + CaHz. Changed from JPL 83-62. The rate constant for this complex
process has recently been re-examined by G. P. Smith et al. (1984) in the
temperature range from 228 to 1400 K, and in the pressure range 1 to 760

torr. Their analysis, which is cast in similar terms to those used here,

is the source of the rate constants and temperature dependences at both
limits. The negative value of m reflects the fact that their analysis
includes a 1.2 kcal/mole barrier for the addition of OH to CaHa.

The data analyzed include those of Pa:trana and Carr (1974), Perry et

al. (1977), Michael et al. (1980), and Perry and Williamson (1982),
Other data of Wilson and Westenberg (1967), Breen and Glass (1971), Smith
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- and Zellner (1973), and Davis et al. (1975) were not included.

F;Fj Calculations of k, via the methods of Patrick and Golden (1983) yield
: values compatible with those of Smith et al.

25, CF3 + 0p. New entry. Low-pressure limit from Caralp and Lesclaux (1983) \.
who made a few measurements with M = Ny. Their more extensive values with
M = He agree with those of Ryan and Plumb (1982). The ratio k(Njp)/k(He) is
~2,5., The high-pressure limit is from Ryan and Plumb (1982). Temperature

dependences are rough estimates based on similar reactions, . ‘

26. CFCAhp + Og. New entry. Values for both low- and high-pressure limits at

300 K are from Caralp and Lesclaux (1983). Temperature dependences are

rough estimates based on similar reactions.

27. CCA3 + 0p. New entry. Values for both low- and high-pressure limits

are from Ryan and Plumb (1984). They use the same format as recommended
here and report: L :
k300(He) = (5.8 + 0.6) x 10~31, k300 = 2.5 x 10~12 with F = 0.25. |
We find a good fit to their data using F = 0.6 to yield
kgoo(He) = 4 x 10731, keeping k300 = 2.5 x 10-12,
The recommended value of k300(Ny) is 2.5 k300(He) = 1 x 10~30, ' i

Temperature dependences are rough estimates based on similar reactions.

A value of kgpo = 5 x 10712 has been reported by Cooper et al. (1980). i

28. CFCAp02 + NOp. New entry. Values for both low- and high-pressure limits
at 300 K from Lesclaux and Caralp (1984). Their bath gas was 07 which is

DRSS R PSS P

assumed to be equal to N2 in energy transfer characteristics. Temperature

dependences are rough estimates based on similar reactions.

29, HS 4+ NO. New entry. Data and analysis are from the recent work of Black
et al. (1984). The temperature dependence of kg has been estimated.

30. Na + 02. New entry. The low-pressure limit and temperature dependence are

taken from the recent paper of Silver et al. (1984b). The error limits are

N .
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broadened somewhat. Patrick and Golden (1984a) have performed calculations
in the manner of Patrick and Golden (1983) which yield Bﬁgo = 0,3, The
high-pressure limiting rate constant is an estimate by Silver et al.

(1984b). The error limits and temperature dependence are estimated.
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EQUILIBRIUM CONSTANTS

Format
e-body reactions in Table 2 form products which are

some of the thre
In such cases the thermal

‘thermally unstable at atmospheric temperatures.

compete with other loss proceaaes,_auch as

decomposition reaction may
ists the equilibrium constants,

n or radical attack. Table 31

fall into this category.

pho;odissociatio
The table has three

R(T), for six reactions which may

A and B which can be used to

column entries, the firast two being the parameters

express R(T):

K(T)/cm3 molecule"1 = A exp(B/T) (200 < T < 300 K)

try in Table 3 is the calculated value of K at 300 K.

The third column en
scribed in the individual note

The data sources for K(T) are. de s to Table 3.

When values of the heats of formation and entropies of all species are known

at the temperature T, we note that:

o o
3 . AS AHT
log{K(T)/cm molecule™!] = 573635 - ETEBSEE ‘+ log T - 21.87

where the superGCtipt nytt rafers to a standard state of one atmosohure. In some

calculated from this equation, using thermochemical data.

cases K values were,
ted directly from kinetic data for the

r cases the K values were calcula
When available, JANAF valu

s were then used to calculate the

In othe
es were used for the

forward and reverse reactions.
equilibrium constants. The following equation

parameters A and B!
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K
0 s 200 [ 300 -+ 200

= 1382 log(K200/K300)

log A & log K(T) - B/2.303 T
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: :
} Table 3. Equilibrium Constants 1
b ]
| !
' )
Reaction . A/cn3 molecule™! B/OK log Keq(300) Note
: A
‘ \ M
$ HOp + NOp » HOpNOp 2,33 x 10727 10,870 -10.90 1 }i
3 %NO, + NO3 = N205 1.52 x 10727 11,153 -10.68 2 kb
- Ch + Oy 2 CAOO 2.43 x 10723 2,979 ~20.30 3 %
3 CAO + O 9 CAO°0p <1.3 x 10~26 <5,230  ¢~18.30 4 :
F + 0y 2 FOO 5.32 x 10723 7,600 -13.27. 5a 4
b
1.15 x 10°23 3,582 -19.75  5b _ i K
CH307 + NOp = CH302N02 1.30 x 10™28 11,192 ~11.68 6 .. ! !
|
‘ |
K/cm3 molecule~l = A exp(B/T) [200 < T/K < 300] |
3
| |
& |
t i
t il
! ;
4‘ )
! {
; y
: .
b
K.
1
g
I
k
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3.
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NOTES TO TABLE 3

The value was obtained by combining the data of Sander and Peterson (19384)
for the rate constant of the reaction as written and that of Graham et al.

(1977) for the reverse reaction,

From the equilibrium constant, it may be inferred that the thermal
decomposition of HO2NO2 is unimportant in the stratosphere, but is

important in the troposphere.

Recent measurements led us to choose a slightly altered value. The
previous value using thermochemical parameters from JANAF was Kibg

= 5.24 x 1010 molec cm~3. The current values yield K34g = 4.7 x

1010 molec cm‘3, to accommodate reports by Perner et al. (1985),
Graham and Johnston (1978), Kircher et al. (1984), Tuazon et al. (1983)
and Smith et al. (1985).

The parameters were derived by changing the value of AH for the reaction by

1.00 kJ mole~! and using the same entropy change as before (see Patrick

and Golden (1983)).

Cox et al. (1979) measured K at 298 K. Their reported value of K, (5.4.%
2.6) x 10721 cm3 molecule~!, when combined with JANAF values for the _—
entropy change, gives AHg(298)(CrO2) = 22.5 kcal/mole~l. This is in
excellent agreement with Ashford et al. (1978), who suggest

AHg(298)(CLO2) = 22.5 2 .5 kcal/mole~l. The expression of Cox et

gl. ia: ‘
k= 3.71 x 10728 T exp(3217/T).

Zellner (private communication, 1982) euggestn K < 12 atm™! and AH 2 - 11
kcal/mole. The corresponding value of A leads to S°300(CA0:03) ~73 cal
mole~l K=1, A higher value of K has been proposed by Prasad (1980), but it
requires S°(CAO*03) to be about 83 cal mole~l K~1, which seems unreasonably
high. Carter and Andrews (1981) found no experimental evidence for CAO°O;.

(a) From JANAF thermochemical values. (This value favored by kg
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1 calculation, see Note 16, Table 2.) (b) From Benson's (1976) thermochemical

values,

6. Thermochemical values at 300 K for CH30aNOp and CH30p are from Baldwin
(1982). In the absence of data, AHO and AS° were assumed to be independent i

|

L|

of temperature. Bahta et al. (1982) have measured k(dissociation) at 263 K.

Using the values of k(recombination) suggested in this evaluation, they \ y
compute K(263) = (2.68 % 0.26) x 10~10 cm3, oOur values predict 3.94 x 10‘19

i iy o SR T

em3, in good agreement. ; b
1
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PHOTOCHEMICAL

Discusaion of

DATA

Format and Error Estimates

& In Table
atratospheric

determine the

4 we present a list of photochemical reactigns considered to be of

interest. The absorption cross sections of Oy and O3 largely

pxtent of penetration of solar radiation into the stratosphere and

[ e sreseRpERE T TR S R N

troposphere. Some comments and references to these ¢ross sections are presented
in the text, but the data are not listed here. (See, for example, WMO Report
#11, 1982; WMO-NASA, 1985.) The photodissociation of NO in the 03 K

Schumann-Runge band spectral range is another important prccess requiring

special treatment and is not discussed in this evaluation (see, for example,

Frederick and Hudson, 1979; Allen and Frederick, 1982; and WMO Report #11,

1982).
For some other species having highly structured spectra, such as CSp, S0

and OCAO, some comments are given in the text, but the photochemical data are

Pk Tl eme s o el

not presented. The species CH3O, NO; and NO3 also have complicated spectra,
but in view of their importance for atmospheric chemiatry_a sample of the data

! is presented in the evaluation; for more detailed information on their

Pt high-resolution spectra and temperature dependence, the reader is referred to

the original literature.

Table 5 gives recommended reliability factors for some of the more

SNV YOO SN

i
“

important photochemical reactions. These factors_represent the combined
uncertainty in cross sections and quantum yields, taking into consideration the

atmospherically important wavelength regions, and they refer to the total

dissociation rate regardless of product identity (except in the case of o(lp)

production from photolysis of 03).

The absorption cross sections are defined by the following expression of

Beer's Law! :
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vhere: I,, I are the incident and transmitted light intensity, respectively, ¢

is the absorption cross section in ¢m? molecule~l, n is the concentration in

I = I exp(=onl),

molecule cm™3, and 1 is the pathlength in cm. The cross sections .are room .

temperature values at the specific wavelengths listed in the tables, and the

expected photodissociation quantum yields are unity, unless otherwise stated.
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Table 4.
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Photochemical Reactions of Stratospheric Interest

02 + hv 20+ 0
03 4+ hv 902 + 0
03 + hv 2 05 + o(lD)
HO2 + hv = products

HyO + hv 2 H + OH (1)

HoO2 + hv 2 OH + OH
NO+ hv N+ 0

NOp + hv 9 NO + O

NO3 + hv = products
N,0 + hv 9 Ny + o(!D)
N205 + hv 2 products
NH3 + hv » NHy + H (1)
HNO; + hv = OH + NO
HNO3 + hv @ OH + NOg
HNO;4 + hv 3 products
Chyp + hv = CA + CA

CAO + hv 2 CA + O

CA00 + hv = products
OCA0 + hv 2 O + CAO
Cr03 + hv 2 products
HCL + hv 2 H + C}
HOCL + hv 9 OH + C}
CANO + hv 2 Cr + NO
CANO + hv = products
CAONO + hv = products -
CAONO; + hv = products

CCLy + hv 9 products
CCA3F 4 hv = products
CCAoF7 + hv 2 products
CHCAF2 + hv = products
CH3CA + hv = products
CCr20 + hv 2 products
CCAFO + hv = products
CF30 + hv 9 products
CH3CCL3 + hv = products
BrO + hv @ Br + O
BrONOy + hv = products
HF + hv 2 H + F
CO+hv=C+0

COz + hv # CO + O

CH4 + hv 2 products
CH20 + hv - products
CH300H + hv - producta
HCN + hv = products
CH3CN 4+ hv = products
S0 + hv 2 80 + O

H2S + hv » HS + H

COS + hv 2 CO + S

CS2 + hv 2 products
#NaC4 + hv = Na + C}
#NaOH + hv 2 Na + OH

(1)
(1)
(2)

(2)

(1) Hudson and Kieffer (1975)
(2) Turco (1975)
# New entry
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‘ Table 5. Combined Uncertainties for Cross Sections and
F Quantum Yields
Species Uncertainty

02 (Schumann-Runge bands) 1.4 ;
02 (Continua) . 1.3
O3 1.1 i
03 + 6(1p) 1.4 >
NOy 1.3
NO3 2.0 1
N0 1.2 ' i‘
N9O5 2.0. .
Hp02 1.4 '-‘2
HNO3 1.3 !
HO2NO)p ) 2.0 i
CH20 1.4 .j
HCA ) 1.1 k
HOCA 1.4 | 1
CAONO 1.3 » -
ccry 1.1 | :
CCA3F 1.1 - ’ i
CChoFy 1.1 ]
CH3CA | 1.1 %
CF0 2.0 1
CH300H 1.4 q
BrONO; , 1.4 | *

:

1
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O24hv=20+0

The photodissociation of molecular oxygen in the stratosphere is due

primarily to absorption of solar radiation in the 200-220 nm wavelength region,

i.e., within the Herzberg continuum. The 185=200 nm region == the 0,

Schumann-Runge band spectral range -=- is also very important, since solar
radiation penetrates efficiently into the stratosphere at those wavelengths,

Frederick and Mentall (1982) and Herman and Mentall (1982) have estimated

02 absorption cross sections from balloon measurements of solar irradiance in

the stratosphere. The latter authors find the cross sections in the 200-210‘nm

range to be ~35% smaller than the smallest of the older laboratory results,

which are those of Shardanand and Prasad Rao (1977). There is considerable

disagreement among the cross section values measured in the laboratory in.

this wavelength range. Hasson and Nicholls (1971) report the largest values:

~1.4 x 10=23 ¢p2 at 200 nm and ~1.1 x 10-23 em? at 210 nm. Shardanand and

Prasad Rao (1977) obtain the smallest cross sections among the older data set,

1.0 x 10-23 ¢n2 g¢ 200 nm and 7.7 x 10724 om2 g¢ 210 nm. Other investigators

(Ditchburn and Young, 1962; Ogawa, 1971) report values lying between the two

extremes. There are two recent laboratory studies (Johnston et al., 1984;

Chueng et al., 1984) which tend to confirm the lower values obtained from solar

irradiance measurements. There 1s also, however, a recent study of the

penetration of stellar UV radiation into the stratosphere which &grees better

with the higher 02 cross section values (Pirre et al., 1984),

The attenuation of solar radiation in the Schumann-Runge wavelength ragion

is a problem requiring special treatment due to the rotational structure of the

bands; see, for example, Nicolet and Peetermans (1980); Frederick and Hudson

(1980); and Allen and Frederick (1982). The effective 02 cross sections

obtained from solar irradiance measurements in the stratosphere by Herman and

Mentall (1982) are in good agreement between 187 and 195 nm with the values

PN PREPoTOneD
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?% reported by Allen and Frederick (1982), which were obtained by an empirical fit

éf >to the effective cross sections appropriate for stratospheric conditions.

Between 195 and 200 nm the fit yielded values which are somewhat larger than

those estimated by Herman and Mentall.

R IO S a

The studies of the penetration of solar radiation in the atmosphere in the
Schumann-Runge wavelength region have been based so far on laboratory
measurements of cross sections which were affected by instrumental parameters
due to insufficient spectral resolution. Yoshino et al. (1983) have reported
high resolution 0y cross section measurements at 300 K, between 179 and 202 nm,

obtaining presumably the first set of results which is independent of the

R it e ek R i

instrumental width. The Schumann-Runge cross sections are temperature-dependent,

so that additional studies will be required in order to carry out detailed

T S}

atmospheric modeling calculations. Furthermore, for estimates of the solar
irradiance in the stratosphere the cross section values which need to be
accurately known are those at the wings of the rotational lin=s and in the . i

underlying continuum, and these are several orders of magnitude smaller than the ' E
k|

peak values.
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The O3 absorption croes sections and their temperature dependency have

been remeasured recently by geveral groups. For a review see WMO-NASA, 19833

Table 6 lists a sample of the data taken from this review, namely the 273 K

cross section values averaged over the wavelength intervals commonly employed ir

modeling calculations. The temperature effect is negligible for wavelengths

shorter than ~260 nm.

The quantum yields for o(1p) production, o(olp), for wavelengths near 310

11-0ff region--have been measured mostly

nm--i.e., the energetic threshold or fa

relative to quantum yields for wavelengtha shorter than 300 nm, which were

assumed to be unity. There are several studies which indicate that this

assumption is not correct: Fairchild et al. (1978) observed approximately 10% of

the primary phovolysis products in the ground state channel, that is, o(o3p) =

0.1, at 274 nm; Sparks et al. (1980) also report o(o3p) = 0.1, at 266 nm3

according to Brock and Watson (1980b),0(01D) = 0.88 at 266 nm; Amimoto et al.

(1980) report o(olp) = 0.85 at 248 nm, and Wine and Ravishankara (1982) measured

éirectly o(olp) = 0.9 at 248 nm. There are also some indications that ¢(olp)

decreases slightly between 304 and 275 nm (see Brock and Watson, 1980 a, b).

The recommendation for the quantum yields in the fall-off region is given

in Table 7, and is taken from the mathematical expression given by Moortgat and

Kudzus (1978), scaled down by a factor of 0.9 to account for the absolute

magnitude of $(olp) at short wavelengths., The relative values are in good

agreement with those reported by Brock and Watson (1980a).
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Table 6. Absorption Cross Sections of 03 at 273 K

- A 10200 (cm?) A 1020¢(cm?)

i (nm) average (nm) average

i 175.439~176.991 81.1 238.095-240.964 797

é 176.991-178.571 79.9 240,964-243.902 900

i 178.571-180.180 - 78.6 243.902-246.914 1000

; 180.180-181.818 76.3 246.914-250.000 1080

i 181.818-183.486 72.9 250.000~-253,165 1130

;' 183.486~185.185 68.8 253.165-256.410 1150

185.185-186.916 64.0 256.410-259.740 1120

' 186.916~-188.679 58.8 259.740-263.158 1060

% 188.679-190.476 53.1 263.158-266.667 965

5 190.476-192.308. 48.0 266.667-270.270 834

, 192.308-194.175 43.8 270.270-273.973 692

E ’ 194.175-196.078 41.1 273.973-277.778 542

% 196.078-198.020 36.9 277.778-281.690 402

Q 198.020~200.000 33.0 281.690-285.714 277

" 200.000~-202.020 32,6 285.714~289.855 179

: 202.020~-204.082 32.6 289.855-294.118 109

% 204.082~206.186 35.1 294,118-298.507 62.4
206.186-208.333 41.1 298.507~303.030 34.3
208.333~210.526 48.4 303.030-307.692 18.5
210.526-212.766 62.6 307.692-312.5 9.80
212.766-215.054 85.7 . 312.5-317.5 5.01
215.054-217.391 117 317.5-322.5 2.49
217.391-219.780 152 322.5-327.5 1.20
219.780-222.222 197 327.5-332.5 0.617
222,222-224.719 255 332.5~337.5 0.274
224.719-227.273 324 337.5-342.5 0.117
227.273-229.885 400 342.5-347.5 0.0588
229.885-232.558 483 347.5-352.5 0.0266
232.558-235.294 579 352,5-357.5 0.0109
235.294-238.095 686 357.5-362.5 0.00549

s M b o o e
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Table 7, Mathematical Expression for o(1p) Quantum Yields,

Photolyais of 03

®, in the

O(A,T) = A(7) arctan[B(t)(A=Ao(1))] + C(1)
Where © = T -~ 230 14 4 tamperature

function with T given in Kelvin,
A 18 expressed in nm,

and arctan in radians.

The. coefficients A(1), B(t), Ao(7) and C(1) are expressed as \

interpolation polynomials of the third order:

A(T) = 0.332 + 2.565 x 10™%1 + 1,152 x 10~5¢ 2 + 2,313 x 10~8¢ 3 |
B(1) = ~0.575 + 5.59 x 10~37 -1,439 x 1073t 2 = 3,27 x 10-8¢ 3 ]
Ao(T) = 308.20 + 4.4871 x 10~2¢ + 6.9380 x 105t 2 - 2.5452 x 10~67 3.
C(v) = 0.466 + 8.883 x 10~41 - 3,546 1073t 2 4+ 3,519 x 10-7¢ 3,

In the limit whecre ®(A,T) > 0.9, the quantum yield is set ¢ = 0.9

» and
similarly for @(A,T) < 0

» the quantum yield is set ¢ = O,

PO TS SOV SR OIS
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HOp + hv 9 OH + ©

a[ The absorption cross sections of the hydroperoxyl radical, HOj, in the
200-250 nm region have been measured at room temperature by Paukert and Johnston
(1972), Hochanadel et al. (1972) and Cox and Burrows (1979). Hochanadel at ai.
(1980) give a cross section value of 4.0 % 0.5 x 10~18 cm? at 205 nm, and Sander -

et al. (1982) a value of 3.0 t 0.4 x 10~18 cm? at 227.5 nm.
The shape of the spectrum reported by the first three groups cited above is N %

in reasonable agreement. The recommended absorption cross.sections, listed in. y

Table 8, are computed from the mean of the three after normalization of each o
spectrum to the value at 227.5 nm reported by Sander et al. (1982). . This latter 3

study gives the most direct measurement of an. absolute cross section value for

| TR TR TP

HO3. » :
Lee (1982) has detected O(1D) as a primary photodissociation product at 193. 5
and at 248 nm, with a quantum yield which is about 15 times larger at the longer

wavelength. The absolute quantum yield for o(1p) production has not been

reported yet.

T g4 -
. Xt

Table 8. Absorption Cross Sections of HOj

A(nm) 10205 (cm?) | :
| 190 430 } |
| 200 480 ! f

210 490 ‘ :

220 400

230 260 3

240 120 . !

250 50 j

|

|
1 ' 126 I |
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HgOz + hv » OH + OH

The .recommended absorption cross section values, listed in Table 9, are the
mean of the data of Lin et al. (1978b) and of Molina and Molina (1981)., The

latter work supersedes the earlier results of Molina et al. (1977a).

Table 9. Absorption Cross Sections of Hy0 Vapor '}
A 10200 A 1020¢ ;
(nm) (cm?) (nm) (em?) ”';
190 67.2 270 3.2 ?
195 56.3 . 215 . . 2.5 ’3
200 47.5 280 . 2.0 A
205 39.8 285 1.5 ]
210 34.9 2% 1.13 3
215 . 29.9 295 0.87 f
220 25.4 300 0.66 é
225 21.3 1305 0.49 ¥
230 17.9 310 0.37 E
235 14.8 315 0.28 £
240 12.2 320 . 0.20 'j
245 10.0 325 0.15 1

250 8.3 330 0.12
255 6.7 335 0.09 ;
260 5.2 340 0.07 ' ﬂ
265 4.2 345 0.05 1
350 0.03 ‘
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NOg + hv & NO + O

Table 10 lists a sample of the the recommendu.d absorption cross eections of
nitrogen dioxide, taken from the work of Base et al. (1976), who report
extinction coefficients every 1/8 nm between 185 and 410 nm at 298 K, and
between 290 and 400 nm at 235 K. For atmospheric photodissociation calculations
which require cross section values averaged over appropriate wavelength
intervals the original literature report should be consulted; Table 9 lists the
values only at the indicated wavelengths.

Recent cross section measurements by Schneider et al. (1985) give results
which are 2-3% smaller than those of Bass et al. around 375-395 nm, which is the.
most important wavelength region for atmospheric photodissociation, but which
are larger by as much as 20-25% around 270 nm and around 200 nm, where the
experimental measurements are more difficult.

Harker et al. (1977) have reported measurements of absorption cross
gsections and quantum yields in the 375-420 nm region. . Their cross sections are
4-10% larger than the values reported by Bass et _al. (1976), and their quantum
yields are, on the average, about 15% smaller than those measured by Jones and
Bayes (1973). The measurements of the quantum yields by Davenport (1978) at six
different wavelengths agree very well with those of Harker et al., and they
indicate that the quantum yields themselves are temperature dependent, although
the effect of temperature on the cross sections is more pronounced. .

Direct measurements of the solar photodissociation rate of NOp in the
troposphere by Parrish et al. (1983) agree better with thevretical
calculations that incorporate the quantum yield values of Jones and .Bayes

(1973) rather than those of Harker et al. (1977).
Table 11 presents the recommended quantum yield values ¢, which are
computed using the recommended cross sections ¢ (Bass et al., 1976) and the

measurements of Harker et al. (1977), which to a reasonable approximation yield
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the product ¢0. In the atmospherically important 375-395 nm wavelength region
the currently recommended quantum yield values are about 10% larger than those
in the previous recommendation, which listed the quantum yields reported by
Harker et al. without adjustmenta. Additional self consistent quantum yield and

cross .section measurements are in order.

For quantum yields in the 295-365 nm region the recommendation is to use

the expression given by Jones and Bayes (1973), listed at the bottom of Table

11. More accurate values should be established in this wavelength region,
although their contribution to the overall atmospheric photodissociation rate is

not of major importance.
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Table 10. NOp Absorption Crose Soctions at 235 and 298 K
A
E; M 10200 (cm?) | A __10%00(em?) 1
3 (nm) 235 K . 298 K (nm) 235 K 298 K \ !
=
& 185 26.0 300 10.9 1.7 i
- 190 29.3 305 16.7 16.6 ;
195 24.2 310 18.3 17.6 :
200 25.0 315 21.9 22.5 4
205 37.5 320 23.5 25.4 !
210, 38.5 325 © 25.4 27.9 o
215 40.2 330 29.1 29.9 o
220 39.6 135 31.4 34.5 | f
225 32.4 340 32.3 38.8 o
230 24.3 s . 34.3 40.7 ~
235 14.8 350 31.1 41.0 | ]
240 6.70 355 43.7 51.3. - _‘j
245  4.35 360 39.0 45.1 ; ]
250 2.83 365 53.7 57.8 3 E
255 1.45 370 48.7 54,2 .
260 1.90 375 50.0 53.5
265 2.05 380 59.3 59.9
270 3.13 385 57.9 —__ 59.4
275 4.02 390 54,9 60.0
280 5.56 395 56.2 58.9
285 6.99 400 66.6 67.6
290 6.77 8.18 405 59.6 63.2
295 8.52 9.67 410 53,2 57.7
130 .
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Table 11, Quantum Yields for NOp Photolysis

|
| A,nm ¢ A,nm o A,nm ¢ \ y
-l 375 0.77 389 0.78 . 400 - 0.68 ;
3 376 0.78 390 0.80 401 0.65 !
2 377 0.92 391 0.88 402 0.62 !
g 378 0.82 392 0.84 403 0.57 y
3 379 0.87 393 0.90 . 404 0.42 )
§'¢ 380 0.90 394 0.90 405 0.32 §
: 381 0.81 394.5 0.86 406 0.33 ik
1 382 0.70 395 0.84 407 0.25 3
& 383 0.68 395.5 0.81 408 0.20 E
i 384 0.70 396 - 0.83 409 0.19 .
. 385 0.77 396.5 0.88 410 0.15 o
: 386 0.84 397 0.82 411 0.10 :
e 387 . 0.75 398 0.77 415 0.067 . ‘%
g 388 0.81 399 0.78 420 0.023 R
f .~,~
ool 295-365 nm: @(A) = 1.0 = 0.0008 (A(nm)~-275) 4
3

|

;

b
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i The ahsorption cross sections of the nitrate free radical, NO3, have been

studied by (1) Johnston and Graham (1974); (2) Graham and Johnston (1978); (3)
Mitchell et al. (1980); (4) Marinelli et al. (1982); and (5) Ravishankara and
Wine (1983). The lst and 4th studies required calculation of the NOj3

. concentration by modeling a complex kinetic system. The 2nd, 3rd and 5th

studies are more direct and the results in terms of integrated absorption

coefficients are in good agreement. A sample of the absorption cross sections is

presented in Table 12. These values are taken from the study of Ravighankara

and Wine (1983), which gives a peak cross section value around 662 nm of 1.8 x

16'17 cm?. Note, however, that there are some very recent flash photolysis

measurements by Sander (private communication, 1985) which indicate that the . ) i
cross sections might be about 25% larger. Furthermore, the cross sections for |
the 662 nm band appear to be strongly temperature dependent (Sander, private
communication, 1985; Ravishankara, private communication, 1985).

The quantum yields &3 and ¢ have been measured by Graham and Johnston

(1978) and under higher resolution by Magnofta and Johnston (1980), who report

the product of the cross section times the quantum yield in the 400 to 630 nm

range. The total quantum yield value ¢ + ¢ computed from the results of this

latter study and the cross sections of Graham and Johnston (1978) are above

unity for A <610 nm, which is, of course, impossible; hence, there is some

et i A R T <. e &

systematic error and it is moat likely in the primary quantum yield
measurements. Magnotta and Johnston (1980) and Marinelli et al. (1982) have
discussed the probable sources of this error, but the question remains to be
resolved and further studies are in order. At present, the recommendation

remains unchanged, namely, to use the following photodissociation rates
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estimated by Magnotta and Johnston (1980) for overhead sun at the earth's

surface:

J1(NO + 03) = 0.022 e~1

Jo(NOy + 0) = 0.18 s~!,
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Table 12. Absorption Cross Sections of NO3 at 298 K
A 1020¢ A 1020g A 1020¢ 3
(nm) (em?) (nm) (em?) (nm) (em?) 5
:

571 226 605 365 639 157
572 224 606 291 640 111 , 1
573 220 607 . 194 . 64l 92 A
574 221 608 143 642 85 x
575 240 609 .. 125 643 83 3
576 270 610 116 644, 84 L ‘
577 288 611 . 139 645 . 80 1
578 286 612 166 646 65 |
579 263 613 203 647 65 ;
580 . 277 614 213 648 55 :
581 . 305 615 . 180 649 46 . ;
582 259 616 157 650 46 g
583 . 231 617 153 651 46
584 213 618 . 162 652 47
585 203 619 185 653 48 _ :
586 263 620 236 654 65 {
587 319 621 342 655 . 83 . | :
588 407 622 795 . 656 122
589 504 623 1238 657 162
590 490 624 998 658 = 185
591 . 434 625 698 659 278 ;
592 397 626 628 660 522 .
593 397 627 628 661 1063 i
594 323 628 619 662 1756 1
595 351 629 601 . 663 1618 j
596 368 630 . 555 664 1017 o
597 351 631 425 665 615 |
598 305 632 342 666 397 ‘_j
599 250 633 157 667 185 ,
600 222 634 110 668 125
601 222 635 102 669 92
602 251 636 139 670 70 | 4
603 296 637 162 . q
604 360 638 171 3 ﬁ,,.#

1
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N20 + hv 2 Ny + o(lp)

The recommended values are taken from the work of Selwyn et al. (1977), who

measured the temperature dependence of the absorption crogs sections in the

atmospherically relevant wavelength region. . They have fitted. their data. with

the expression shown in Table 13; Table 14 Presents the room temperature data.

Hubrich and Stuhl (1980) remeasured the N20 cross sections at 298 K and 208 K,

and their results are in very good agreement with those of Selwyn et al,

Table 13. Mathematical Expression for Absorption Cross

Sections of N0 as .a Function of Temperature

1n g(A,T) = A1 + Ah + A3A2 + AA3 4+ Agr4

*+ (T-300)exp(By + Byh + Bjh2 + B4\3)

Where: T: temperature, Kelvin A: nm
A} = 68.21023 By = 123.4014 .
Ay = ~4.071805 By = -2,116255
Az = 4.301146 x 10-2 By = 1.111572 x 102
Ay = ~1.777846 x 10-4 By = ~1.881058 x 10~5
As = 2.520672 x 10~7

Range: 173 to 240 nm; 194 to 320 K

PINCN
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Table 14, Absorption Cross Sections of N0 at 298 K

A 1020 A 1020q A 1020¢
(nm) (cm?) (nm) (cm?) (nm) (cm?)
173 11.3 196 6.82 219 0.115
174 11.9 197 6.10 220 0.0922
175 12.6 198 5.35 221 0.0739
176 13.4 199 4.70 222 0.0588
177 14.0 200 4.09 227 0.0474
;" 178 13.9 201 3.58 224 0.0375
;. 179 . 14.4 202 3.09 225 0.0303
180 ..  14.6 203 2.67 226 0.0239
g 181 14.6 . 204 2.30 227 0.0190
3 182 14.7 205 1.95 228 0.0151
b 183 14.6 206 1.65 229 0.0120
: 184 14.4 207 1.38 230 0.00955
185 14.3 208 1.16 231 0.00760
186 13.6 209 0.980 232 0.00605
: 187 13.1 210 0.755 233 0.00478
2 188 12.5 211 0.619 234 0.00360
- 189 11.7 212 0.518 235 0.00301
190 11.1 213 0.421 236 0.00240
191 10.4 214 0.342 237 0.00191
192 . 9.75 215 0.276 238 0.00152
193 8.95 216 0.223 239 0.00123
194 8.1 217 0.179 240 0.00101
195 7.57 218 0.142
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N205 + hv 9 products

The absorption cross sections of dinitrogen pPentoxide, N20O5, have been

measured at room temperature by Jones and Wulf (1937) between 285 and 380 nm, by

Johnston and Graham (1974) between 210 and 290 nm,
and 310 nm;

by Graham (1975) between 205
and for temperatures in the 223 to 300 K range by Yao et al.
between 200 and 380 nm.

(1982),

The agreement is good particularly considering the

difficulties in handling Nj05. The Tecommended cross section values, listed in

Table 15, are taken from Yao et al: (1982); for wavelengths shorter than 280 nm

there is little or no temperature dependerce, and between 285 and 380 nm the

temperature effect is best computed with the expression listed at the bottom of
Table 15,.

There are now several studies on the Primary photolysis products of Ny05:

Swanson et al. (1984) have measured the quantum yield for NO3 production at 249

and at 350 nm obtaining a value close to unity, a result consistent with the

observations of Burrows et al. (1984b) for photolysis at 254 nm. Barker et al.

(1985) report a quantum yield for 0(3p) production at 290 nm of less than 0.1,

and near unity for NO3. For O-atom production Margitan (private communication,

1985) measures a quantum.yield value of 0.35 at 266 nm, and Ravishankara

(private communication, 1985) reports values of 0.7, 0.35, 0.22 and 0.15 at 248,

266, 287 and 291 nm respectively with a quantum yleld near unity for NO4

Production at all these wavelengths. It appears, then, that NO3 ie produced

with unit quantum yield while the O-atom and hence the NO yield increases at

shorter wavelengths with a consequent decrease in the NO2 yleld.

137

T T P O P I N

s etk e




i

Uy SRy

Table 15. Absorption Cross Sections of N20g
A(nm) 10205 (cm?) A(nm) 1020 (cm?)
200 920 245 52
205 820 250 40
210 560 255 32
215 370 260 26
%-. 220 220 265 20
' 225 144 270 16.1
_ 230 99 275 13.0
g. 235 77 280 11.7
= 240 62

RN, S SRRy R

S oo il i

Where o/cm?;

A/nm}

T/K.
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For 285 nm ¢ A < 380 nm; 300 K > T > 225.K:

1020g = exp[2.735 + ((4728.5 = 17.127 \)/D)]
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HONO + hv 9 : 4 + NO

The ultraviolet spactrum of HONO between 300

Stockwell and Calvert

NO2, H20, N203 and N204; the possible irn

T VRTINS r o 0T

e TR
T ST AT R ERTIR N

and 400 nm has been studied by

(1978) by examination of ite equilibrium mixtures with NO,

terferencea by these compounds were

taken into account. The recommended eross sections, taken from this work, are

listed in Table 16.

Table 16, HONO. Absorption Cross Sections

A 10204 A 1020, A 1020,
(nm) (cm?) | (nm) (cm?) (nm) (em?2)
310 0.0. 339 16.3 368 45.0
311 0.0 340 10.5 369 29.3
312 0.2 341 8.70 . 370 .. 11.9
313. 0.42 342 33.5 . 3n 9.46
314 0.46 343 20.1 372 8.85
315 0.42 344 . 10.2 373 7.44
316 0.3 345 8.54 374 4.77
317 0.46 - 346 8.32 375. 2.7
318 3.6 347 8.20 376 1.9
319 6.10 . 348 7.49 377 1.5
320 2.1 349 7.13 378 1.9
321 4,27 350 6.83 . 379 5.8
322 4.01 351 17.4 380 7.78
323 3.93 352 11.4 381 11.4
324 4,01 353 37.1 382 14.0
325 4.04 - 354 49.6 383 . 17.2
326 3.13 355 24.6 384 19.9
327 4.12 356 11.9 385 19.0
328 7.55 357 9.35 386 11.9
329 5.64 358 7.78 387 5.65
330 7.29 359 7.29 388 3.2
331 8.70. 360 6.83 389 1.9
332 13.8 361 6.90 390 1.2
333 5.91 362 7.32 391 0.5
334 5.91 3613 9.00 392 0.0
335 6.45 364 12,1 393 0.0
336 5,91 365 13.3 334 0.0
337 4.58 366 21,3 395 0.0
338 19.1 367 35,2 395 0.0

—————
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HNO3 + hv @ OH + NOp

The recommended absorption cross sections, listed in Table 17, are taken
from the work of Molina and Molina (1981). These data are in zood agreement
throughout the 190-330 nm range with the values reported by Biaume (1973). They

are also in very good agreement with the data of Johnston and Graham (1973)

except towards both ends of the wavelength range. Okabe (1980) has measured the

cross sections in the 110-190 nm range; his results are 20-30% lower than those

of Biaume and of Johnston and. Graham around 185-190 nm.

The. temperature dependence_of these cross sections has not been measured

yet; it might be significant in the 300 nm region and hence for estimates of the

atmospheric photodissociation rate.

Johnaton et al. (1974) measured a quantum yield value of ~1 for the OH +

NO2 channel in the 200-315 nm range, using end product analysis. The quantum

yield for O-atom production at 266 nm has been measured to be 0.03, and that for

H-atom production less than 0.002, by Margitan and Watson (1982), who looked

directly for these products using atomic resonance fluorescence.
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Table 17, Absorption Cross Sections of HNO3 Vapor
A 10204 A 10204 i
(nm) (cm?) (nm) (cm?)
190 1560 260 1.88 o
195 1150 265. 1.71 e i
200 . 661 270 1.59 :
205 . 293 275 1.35 A
210 . 105 . 280 . 1.10 '
215 35.6 285 0.848 . : g
220 15.1. 290 0.607 I
225 . 8.62. 295 0.409 4
230. 5.65 300 0.241 E
235 3.72 305 0.146 '
240 2.57. 310 0.071
245 2.10 315 0.032
250 1.91 320. 0.012
255 1.90 325 0.005
330 0.002
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HO2NO2 + hv 9 products

There are four studies of the UV spectrum of HOyNOp vapor: Cox and Patrick R

(1979), Morel et al., (1980), Graham et al. (1978b) and Molina and Molina

- et

(1981). The latter two studies are the only ones covering the gas phase

spectrum in the critical wavelength range for atmospheric photodiesociation,

that is, wavelengths longer than 290 nm. The recommended values, listed in

“‘
.
Table 18 are taken from the work of Molina and Molina (1981), which is the more ,lﬁ
direct study. The temperature dependence of the cross sections at these longer 7~€
wvavelengths and the identity of the photodissociation products remain to be "%
determined. _:!
B
Table 18. Absorption Cross Sections of HOpNOj Vapor _1
A 10204 A 1020¢
(nm) (cm?) . (nm) (cm?)
| 190 1010 260 27.8
195 816 265 22.4
200 563 270 . 17.8 C
205 367 275 13.4 }
210 241 280 9.3 »
215 164 285 6.3 f
220 120 290 4.0 ;
225 95,2 295 2.6 ‘
230 80.8 300 1.6
Y
235 69.8 305 1.1 O
240 59.1 310 0.7 :
245 49.7 315 0.4 g
250 41.8 320 0.3 o \1
255 35.1 325 0.2 o
330 0.1 .. . o
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| Chy + hv 9 Cp + Cb )
»,.‘ 3 Tte absorption croas sections of Ch2, listed in Table 19, are taken from '
: ; the work of Seery and Britton (1964). These results are in good agreement with
' Q those reported by Gibson and Bayliss (1933), and Fergusson et al. (1936). j‘
S I
o . 4
Sl
1 Table 19. Absorption Cross Sections of Cra ‘ ;’
; 4 .
§ .
! 3 F
g A 10204 A .. 1020, 5
{ (nm) (cm?) (nm) (cm?) ?
1 ,;
' s; 240 0.08 350 18.9 o
2: 250. 0.12 360 13.1
{ 260 0.23 370 8.3 i
% 270 0.88. 280 4.9 :
| 280 2.7 . 390 3.3 . :
- 290 6.5 . 400 1.9 |
300 12.0 410 1.3 D
310 18.5 420 0.99 3
320 23.6 430 0.73 '
330 25.6 440 0.53
340 23.6 450 0.34
i

ot
e B

rras i .
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CAO + hv 9 CAO + O

The shsorption cross sections of chlorine monoxide, CAO, have been revieved
by Watson (1%77). There are more recent measurements ylelding results in
reasonable agreement with the earlier ones, by Mandelman and Nicholls (1977) in
the 250-310 nm region; by Wine et al. (1977) around 283 nm; and by Rigaud et al.
(1977) and Jourdain et al. (1978) in the 270-310 nm region.

The calculations of Coxon et al. (1976) and Langhoff et al. (1977) indicate
that photodecomposition of CALO accounts for at most 2 to 3 percent of the total
dpetew:tion rate of CAO in the stratosphere, which occurs predominantly by

ceaction with oxygen atoms and nitric oxide.
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ot
S CAOO + hv 9 CAO + O
f Johnston et al. (1969) measured the absorption cross sections of the Cr00
5 _ & radical using a molecular-modulation technique which required interpretation of
Ty
[ 8 complex kinetic scheme. The values listed in Table 20 are taken from their
' 3 work.
. Table 20. Absorption Cross Sectionas of CLOO
3
- A 1020g A 10204
i (nm) (cm?) (nm) (em?)
-
o 225 260 255 1240
i~ 1 230 . 490 260 1000
o 235 ... 780 265 730
- 240 1050 270 510
) 245 1270 275 340..
S 250 1230 280 230
145
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: ﬁ
5; OCAO + hv » 0 + CAO
; The spectrum of OCLO 1s characterized by a series of well developed |
% progresaions of bands extending from ~280 to 480 nm. The spectroscopy of this '
E molecule has been studied extensively, and the quantum yield for ;
; photodissociation appears to be unity throughout the above wavelength i %
; range--see, for example, the review by Watson 1977). . 4
; Birks et al. (1977) have estimated a half-life against atmospheric ! %
i

photodissociation of OCAO of a few seconds.
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CAO03 + hv = products

Table 21 lists absorption cross sections of chlorine trioxide, CAO3, for
the 200 to 350 nm range obtained by graphical interpolation between the data
points of Goodeve and Richardson (1937). Although the quantum yield for
decomposition has not been measured, the continuous nature of the spectrum

indicates that it is likely to be unity.

Table 21. CAO3 Absorption Cross Sections

: A 1020g A 1020¢

} (nm) (cm?) (nm) (em?)
200 . 530 280 460
210 500 290 430
220 480 300 400
230 430. 310 320
240 350 320 250
250 370 330 180
260 430 340 110
270 450 350 76

3

e aTetilor e 2 ke e - aaNea SAclacae .« et an

P T

e Pl Sk AP € 2

e o Tamd” . ne .t

S S T s D




HCL + hv @ H + CA .

The absorption cross sections of HCH, listed in Table 22, are taken from f

the work of Inn (1975).

i
l

|
.

Table 22. Absorption Cross Sections of HCA Vapor

A 1020¢ A 10206

(nm) (em?) (nm) (em?)

140 211 185 31.3 :
145 281 190 14.5 | j
150 345 195 6.18 | 1
155 382 200 2.56 j
160 332 . 205 0.983 1 k
165 248 210 0.395 | | :
170 163 215 . 0.137 E 2
175 109 220 0.048 0 *
180 58.8 ; ]

1
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HOCA + hv = OH + CA

Knauth et al. (1979) have measured absorption cross sections of HOCA using
essentially the same technique as Molina and Molina (1978) except for a higher
temperature, which allowed them to obtain a more accurate value for the
equilibrium constant Keq for the H20-CL20-HOCL system. The cross section values
from Molina and Molina's measurements recalculated using-the new. Keq are in
excellent agreement with the results of Knauth et al. The recommended values,
taken from this later work, are presented in Table 23,

Molina et al. (1980b), by monitoring directly OH radicals produced by laser
photolysis of HOCA, obtain an absorption cross section value of ~6 x 1020 ¢p2
around 310 nm, again in excellent agreement with the data of Knauth et al.
(1979).

In contrast, tﬁe theoretical predictions of Jaffe and Langhoff (1978)
indicate negligible absorption at those wavelengths. The reason is not known,
although it should be pointed out that no precedent exists to validate the
theoretical approach for this particular type of problem.

Butler and Phillips (1983) found no evidence for O-atom production at 308

nm, and placed an upper limit of ~0.02 for the primary quantum yield for the HCA

+ O channel.
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Table 23. Absorption Cross Sections of HOC}

A 1020¢ A 1020¢
—. (nm) (emd)

200 5.2 310 6.2
210 6.1 320 5.0
220 11.0 330 3.7
230 18.6 340 2.4
240 22.3 350 1.4
250 . 18.0 360 0.8
260 : 10.8 370 0.45
270 6.2 380 0.24
280 . 4.8 .. 390 0.15
290 5.3 400 0.05
300 . 6.1 420 : 0.04
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CANO + hv » Cp + NO

Nitrosyl chloride has a continuous absorption extending beyond 650
nanometers. There is good agreement between the work of Martin and Gareis
(1956) for the 240 to 420 nm wavelength region, of Ballash and Armstrong (1974)
for the 185 to 540 nm region, and of Illies and Takacs (1976) for the 190 to 400
nm region. These results indicate that the early data of Goodeve and Katz
(1939) were seriously in error between 186 and 300 nm, whereas, at longer
wavelengths, they are in good agreement with the most recent measurements.

The recommended absorption cross sections, listed in Table 24, are obtained
by taking the mean of the results of Ballash and Armstrong (1974) and of Illies
and Takacs (1976). The two sets of measurements agree within 20 percent, except
in the region near 240 nm, where the values of Ballash and Armatrong are about
60 percent higher.

The quantum yield for the primary photolytic process has been reviewed by
Calvert ari Pitts (1966a); it is unity over the entire visible and

near-ultraviolet bands.
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CANO Absorption Cross Sections

A(nm)

102°c(cm2)

' 190
200

210
,,,'- 220
..;,
| 230
:
240
¢
}

' 260
280
: 300

320

Rl R S A e A U i

340

380

400

360 .

-5270
6970
3180
1170

377
134
18.0
10.3.
9.5
12.1
13.7
12.2
8.32

5.14
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CANO3 + hv 9 products
The absorption cross sections of nitryl chloride, CANO2, have been measured

between 230 and 330 nm by Martin and Gareis (1956), between 185 and 400 nm by

Illies and Takacs (1976), and between 270 and 370 nm by
(1981),

Nelson and Johnston

The reault§ are in good eéreement below 300 nm. Table. 25 lists the

i D,

recommended values which are taken from Illies and Takacs (1976) between 190 and
270 nm,

and from Nelson and Johnston (1981) between 270 and 370 nm., These

latter authors showed that an approximate. 6% Cho impurity in the samples used

by Illies and Takacs could explain the discrepancy in the results above 300 nm. -

NI I TS SN ey

Nelson and Johnston (1981) report a value of one (within experimental
error) for the quantum yield for production at CA atoms; they also report a

negligible quantum yield for the production of oxygen atomas.

B S SR

Table 25.  Absorption Cross Sections of CANOp

4
A 10204 A 10204 :g
(nm) (em?2) (nm) (cm?) A
190 2690 290 18.1 :
200 455 300 15.5 ;
210 339 310 12.5 b

© 220 342 320 '8.70

230 236 . 330 5.58

240 140 340 3.33
250 98,5 350 1.78 !
260 63.7 360 1.14 |
270 37.2 370 0.72 '
2r9 22,3 G
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% CAONO + hv = products
@l Measursments in the near-ultraviolet of the cross sections of chlorine
ii nitrite (CAONO) have been made by Molina and Molina (1977)., Their results are }
. L]
L listed in Table 26. The characteristics of the spectrum and the instability of ‘ !
{ﬁ CAONO strongly suggest that the quantum yield for decomposition is unity. The \ ;
. CA-0 bond strength is only about 20 kilocalories, so that chlorine atoma are
8 likely photolysis products. | -  }
Table 26. CALONO Absorption Cross Sections at 231 K f
)
5
A 1020¢ A 1020¢ K
(nm) (cm?) (nm) (em?)
235 215.0 . 320 80.3 :
240 176.0 325 75.4 j 2
245 137.0 330 . 58.7 ‘ -“é
250 106.0 335 57.7 :
255 65.0 340 | 43.7
260 64.6 345 35.7
265 . 69.3 350 26.9
270 90.3 355  22.9 o
275 110.0 360 . 16.1 o g
280 132.0 365 11.3 o
285 144.0 370 9.0 ‘1
290 144.0 375 6.9 i
295 142.0 380 4.1 |
300 129.0 385 3.3 '
305 114.0 390 2.2 :
310 105.0 395 1.5 .
. R
315 98.1 400 0.6 M
N
\
\
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CLONO2 + hv 9 products

The recommended cross section values, listed in Table 27, are taken from

the work of Molina and Molina (1979), which supersedes the earlier work of

Rowland, Spencer and Molina (1976).
The identity of the primary photolytic fragments has been investigated by
several groups. Smith et al. (1977) report O + CLONO as the most likely.

products, using end product analysis and steady-state photolysis. .The results

of Chang et al. (1979a), who employed the "Very Low Pressure Photolysis" (VLPPh)

technique, indicate that the products are CA + NO3. Adler-Golden and Wiesenfeld i

(1981), using a flash photolysis atomic absorption technique, find O-atoms to be

the predominant photolysis product, and report a quantum yield for Cp-atom
production of less than 4%. Marinelli and Johnston (1982b) report a quantum ‘

yield for NO3 production at 249 nm between 0.45 and 0.8% with a most likely

value of 0.55; they monitored NO3 by tunable dye-laser absorption at 662 nm.
Margitan (1983a). used atomic reasonance fluorescence detection of O~ and Ci-atoms
;:.', and find the quantum yield at 266 and at 355 nm to be 0.9 + 0.1 for Ci~atom ~ﬁf

production, and ~0.1 for O-atom'prbduction, with no discernible difference at

the two wavelengths.

The preferred quantum yield values are 0.9 for the C) + NO3 channel, and a

;-. complementary value of 0.1 for the O + CAONO channel. The recommendation is l

based on Margitan (1983a), whose direct study is the only one with results at a
wavelength longer than 290 nm, which is where atmospheric photodissociation will j
predominantly occur. The reason for the discrepancy with the studies by .
Adler-Golden and Weisenfeld (1981) and by Marinelli and Johnston (1982b) is
almost surely that the rate constant for Cp + CANO3 is much faster (two orders of

magnitude) than previously thought (Margitan, 1983a; Kurylo et al., 1983a).
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Table 27. Absorption Cross Sections of CAONOj

by
i
< A 10200 (cm?) A 1020g(cm?) ¥
; (nm) 227K 243K 296K (nm) . 227K 243K 296K ]
, v
| 190 555 - 589 325 0.463  0.502  0.655 B
1 195 358 - 381 330 . 0.353-  0.381  0.514 ]
' 200 293 - 307 335 0.283  .0.307 . 0.397 :
205 293 - 299 340 0.246 0.255 0.323 _ ;
210 330 - 329 345 . 0.214  0.223 0.285 U
1 215 362 - 360 350 .. 0.198 0.205  0.246 . 1
! 220 348 -~ . 344 355 . 0.182 0.183 0.218 - :
225 282 - 286 360 . 0.170  0.173 0.208 i
230 206 - 210 365 0.155 0.159 0.178 ;
A 235 141 - 149 370 0.142 0.140 0.162 f
3 240 98.5 - 106 375 0.128 0.130 0.139 :
n 245 70.6 - 77.0 380 0.113 0.114 0.122 ;
f 250 52.6 50.9 57.7. 385 0.098 0.100 0.108 1
| 255 39.8 39.1 44.7 390 0.090.  0.083 .  0.090 :
260 30.7 30.1 34.6 395 0.069 0.070 0.077 ;
265 . 23.3.  23.1 26.9 400 . 0.056 0.058 0.064 :
270 . 18.3 18.0 21.5 405 - - 0.055 :
275 13.9 13.5 16.1 410 - - 0.044 f
280 10.4 . .9.98 11.9 415 - - 0.035 k
285 7.50 7.33 8.80 420 - - 0.027 l
290 5.45 5.36 6.36 425 - - 0.020 |

295 3.74 3.83 4.56 430 - - 0.016

300 2.51 2.61 \3.30. 435 - - 0.013

> 305 1.80 1.89 2.38 440 - - 0.009
. 310 1.28  1.35 1.69 445 - - 0.007 3
3 315 0.892  0.954 1.23 450 - - 0.005 * .
( 320 0.630  0.681 0.895 1
o
i
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Halocarbon Absorption Cross Sectiona and Quantum Yields

The primary process in the photodissociation of chlorinated hydrocarhons is
well established: absorption of ultraviolet radiation in the lowest frequency
band is interpreted as an n=-o* transition involving excitation to a repulsive
electronic state (antibonding in C-C&). which dissociates by breaking the
carbon-chlorine bond (Majer and Simons, 1964). As expected, the —
chlorofluoromethanes--which are just a particular type of chlorinated
hydrocarbons-~behave in this fashion (Sandorfy, 1976). Hence, the quantum.yield
for photodissociation is expected to be unity for these compounds... There are
several studies which show specifically that this is the case for CFoChy, CFCR3
and CCL4. These studies--which have been reviewed in CODATA (1982)--also
indicate that at. shorter wavelengths two halogen atoms can be released
gimultaneously in the primary process.

Several authors have reinvestigated the absorption croéss sections
for CCh4, CCA3F, CCALoFp, CHCAF2, and CH3CA~-e.g., Hubrich et al. (1977); Hubrich
and Stuhl (1980); Vanlaethem-Meuree et al. (1978a,b); Green and Wayne
(1976-1977)--and their vresults are in general in very good agreement with our
earlier recommendations. Tables 28, 29 and 30 list the present recommendations
for the cross sections of CCAy,, CCAL3F and CCARF) respectively; these data .are
given by the mean of the values reported by various groups--those cited above as
well as those referred to in earlier evaluations--as reviewed by CODATA (1982).
For atmospheric photodissociation calculations the change in the cross section
values with temperature is negligible for CCAy4 and CFCA3; for CFaCAhg the
temperature dependence is given by the expression at the bottom of Table 28.

The species CHCAFp, CH3CA and CH3CCA3 are discussed individually; their

absorption cross sections are listed in Tables 31, 32 and 34, respectively.
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The absorption cross sections 1'of various other halocarbons not listed in
thias evaluation have also been inveatigated: for CCAFq, CCAQFCCAF2, CCAF2CCAF2
and CCAF2CF3 the values given by Hubrich and Stuhl (1980) at 298 K are in very
good agreement with the earlier results of Chou et al. (1978) and of Robbins
(1977); Hubrich and Stuhl also report valuea of 208 K for these speciea. Other
absorption cross section measurement include the following: CHCAoF by Hubrich
et al. (1977); CHCA3, CHaCRy, CHpCAF, CF3CHaCA, CH3CCAFy and CHaCHCA by Hubrich
and Stuhl (1980); CHCA3, CH3Br, CHFCAj, CpF4Bry, CoHCA3 and CpH3CA3 by Robbine
(1977); CHaCAp and CHCA3 by Vanlaethem-Meuree et al. (1978a); CHCAgF,
CCAF9CHoCA, CF3CHoCA, CF3CHCA, and CH3CFoCA by Green and Wayne (1976-1977); ;nd
CH3Br, CHBrjy, CBrF3, CBroFp, CBrCAF,, CBrF2CBrF; and CBrFoCFg by Molina et al.
(1982).

As before, the recommendation for the photodissociation quantum yield value

is unity for all these species.
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Table 28,  Abaorption Croms Sections of CCA4
A 10204 A 1020
(nm) (em?) (nm) (em?)
174 995 218 21.8
176 1007 220 17.0
178 976 222 13.0
180 772 224 9.61
182, 589 226 7.19
184 450 228 5.49
186 318 230 4,07
188 218 232 3,01
190 . 144 234 2,16
192 98.9 236 1.51
194 74.4 238 1.13
196 68.2 240 0.784
198 66.0 242 0.579
200 64.8 244 0.414
202 . 62.2 246 0.314
204 60.4 248 0.240
206 56.5 250 0.183
208 52.0 255. 0.0661
210 46.6 260 0.0253
212 39.7 265 0.0126
214 33.3 270 0.0061 .
216 27.2 275 0.0024
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Table 29. Ahsorption Croes Sectiona of CCA3F
A 1020¢ A 1020¢

(nm) (em?) (nm) (cm?)
170 316 208 21.2
172 319 210 . 15.4
174 315 212 10.9
176 311 214 7.52
178 304 216 5.28
180 308 218 3.56
182 285 220 2.42
184 260 220 1.60
186 233 224 1.10
188 208 226 0.80
190 178 228 0.55
192 149 230 0.35
194 123 235 0.126
196 99 240 0.0464
198 80.1. 245 0.0173
200 64.7 250 0.00661
202 50.8 255 0.00337
204 38.8 260 0.00147
206 29.3 .

160

A
A
o
K
4
!
i
i
;_
!




S R - R T T T T R e o ST AR T AR T AT T
. LA . .

Table 30,  Absorpticn Cross Sections of CCRoFy

A 10204 A 10204 ]
(nm) (em?) (nm) (cm?) ; ii
170 124 200 8.84 i \‘ ;
172 151 202 5.60 -
174 171 204 3,47 ]
176 183 206 2.16
178 189 208 1.32 | §
180 173 210 0.80 | §
182. 157 212 0.48 ’ ]
184 137 214 0.29 ? ‘ é
186 104 216 . 0.18 ) ¥
188 . 84.1 218 0.12 |
190 62.8 220 0.068 ?
192 44.5 225 0.022 :
194 30,6 . 230 0.0055. )
196 20.8 235 0.0016 i
198 13.2 240 0.00029 ¢

or = dpggexp(4.1 x 10~%(A~184,9)(T-298)) b

Where: 0398 : cross section at 298 K A

A ¢! nm
| T ¢ temperature, Kelvin -
~ 4
i
:
E
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CHCAF2 + hv = products

>

The preferred absorption cross sections, listed in Table 31, are the mean

R P SNPCR.

nf the values reported by Robbins and Stolarski (1976) and Chou et al. (1976),

e

which are in excellent agreement with each other. Hubrich et al. (1977) have

i
;. : teported cross sections for CHCAFy at 298 K and 208 K. Their results indicate a )
’ . significant temperature dependence for A > 200 nm, and their room temperature - A
: : ‘
) : values are somewhat higher than those of the former two groups. 1

Photolysis of CHCAF is rather unimportant throughout the atmosphere;

reaction with OH radical is the dominant destruction process.

v, g,
T mnaat ekt ik

Table 31. Absorption Cross Sections of CHCAFy

A(nm) . 102°c(cm2) {

?
174 5.94 t
176 4.06
178 2.85 |
180 1.99 ; h
182 , 1.30 ,‘.1
184 0.825 ;
186 0.476 .
188 0.339 i
190 0.235 }
192 0.157 |
194 0.100
196 0.070 :
198 0.039 j
200 0.026
202 0.022
204 0.013

“
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CH3CA + hv 9 products

given by

taken into consideration.

The preferred absorption cross sections,

given by Vanlaethem~Meuree et al, (1978hb),

agreement with those reported by Robbins (1976) at 298 K,

listed in Table 32, are those

These values are in very good

as well as with those

Hubrich et al, .(1977) at 298 K and 208 K, it the temperature trend is

Table 32, Absorption Cross Sections of CH3Cp
1020¢(em2)
A

(nm) 296 K 279 K 255 K
186 24.7 24.7 24.7
188 17.5 17.5. 17.5
190 ~12.7 . 12.7 12.7
192 8.86 8.86 8.86
194 . 6.03 6.03 : 6.03 .
196 4.01 4.01 4.01
198 2.66 2.66 2.66
200 1.76 1.76 1.76
202 1.09 1.09 1.09
204 0.691 0.591 0.691
206 0.483 0.475 0.469
208 0.321 0.301 0.286
210 0.206 0.189 0.172
212 0.132 0.121 0.102
214 0.088 0.074 0.059
216 0.060 0.048 0.033
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CCA20 + hv 2 products, CCAFO + hv = producta, and CF30 + hv % products

Table 33 shows the absorption cross sections of CCA0 (phosgene) and CFCAO
given by Chou et al. (1977a), and of CFp0 taken from the werk of Molina and
Molina (1982). rhe spectrum of CFj0 shows considerable structure; the values
listed in Table 33 are averages over each 50-wave number interval. The spectrum
of CFCAO shows less structure, and the CCi20 spectrum is a continuum; its
photodissociation quantum yileld is unity (Calvert and Pitts, 1966a).

The quantum yield for the photodissociation of CFy0 at 206 nm appearé to be
~0.25 (Molina and Molina, 1982); additional studies of the quantum yield in the
200 nm region are required in order to establish the atmospheric

photodissociation rate.
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] Table 33, Absorption Cross Sections of CCA20, CCAFO, and CF20 f
E
1020¢(cm?) ' é
4
A "
(nm) CCA20 CCAFO CF20
g 3
184.9 204.0 - - .
186.0 189.0 15.6 - 5.5 o
187.8 137.0 14.0 4.8 P
189.6 117.0 . 13.4 4.2 o
191.4 93.7 12.9 3.7 .
193.2. 69.7 12.7. 3.1 '
195.1 52,5 12.5 2.6 .
197.0 41.0 12.4 2.1 . I
199.0 31.8 12.3 . 1.6 i ¢
. 201.0 25.0 12.0 1.3 ]
} 203.0 20.4 11.7 . 0.95 o
o 205.1 16.9 11.2 0.69 w
: % 207.3 15.1 10.5 0.50 iui
t 209.4 13.4 9.7 0.34 _fg
; 211.6 . 12.2 3.0 0.23 ]
- 213.9 1.7 7.9 0.15 y
f 216.2 11.6 6.9 0.10 }
218.6 11.9 5.8 0.06 1;
221.0 12.3 4.8 0.04 -
A 223.5 12.8 4.0 0.03 1
< 226.0 13.2 3.1 - 4
]
Ef 165
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f CH3CCA3 + hv = products

The absorption croas sections have been measured by Robbina (1977), by

:

.

1 vanlaethem-Meuree et al. (1979) and by Hubrich and Stuhl (1980)., These latter
3

authori corrected the results to account for the presence of a UV=-absorbing ‘
{

stabilizer in their samples, a correction which might account for the rather
i\

The results of Robbins (1977)

large discrepancy with the other measurements.
The recommended

Meuree et al. (1979) are in good agreement.

uves at 210 K, 230 K,

and of Vanlaethem=

values are taken from this latter work (which reports val

PRSP SN U2 S

250 K, 270 K and 295 K, every 2 nm, and in a separate table at wavelengths

corresponding to the wavenumber intervals generally used in stratospheric

PO I

photodissociation calculations). Table 34 lists the values at 210 K, 250 K and

295 K, every 5 nm; the odd wavelength values were computed by linear

interpolation.

SR el

LR .

.y =

)

St et ey B aales®

166 ‘




b Sl

Table 34.  Absorption Cross Sections of CH3CCA3

10204 (cm2)
X

(nm) 295 K 250 K . 210 K

185 265 265 265

190 192 192. 192

195 129 129 129

200 81.0 81.0 81.0

205 . 46.0 44,0 42.3

210 24,0 21.6 19.8

215 10.3 8.67 7.47

220 . 4.15 3.42 2.90.
1 225 1.76 1.28 0.97
E 230 0.700 0.470 0.330
- 235 0.282 0.152 0.088
h 240 0.102 . 0.048 0.024
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BrO ¢+ hv 9 Br + 0

The BrO radical haas a oanded spectrum in the 290-380 nm range, the
strongest absorption feature lying around 338 nm. The photodissociation quantum
yleld in this wavelength range is expected to be unity due to extensive
predissociation,

The recommendgd absorption cross sections averaged over 5 nm wavelength

intervals are taken from the work of Cox et al. (1982), and are listed in Table

35. These authors estimate a BrO lifetime against atmospheric photodissociation.

of ~20 seconds at the earth's surface, for a solar zenith angle of 30°.
The earlier BrO cross section measurements were carried out mostly around

338 nm, and have been reviewed by CODATA (1980; 1982).
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BrONO2 + hv = products

The bromine nitrate cross sections have been measured at room temperature

by Spencer and Rowland (1978) in the wavelength region 186~390 nm; their results

are given in Table 36, The photolysis products are not known.

Table 36.. Absorption Cross Sections of BrONO

A 1020¢ A 1020  _ g

(nm) (cm?) (nm) . (em?) '£

A

A

186 1500 280 29 :

190 1300 285 27 &

195 1000 290 . 24 ‘1

x 200 720 295 22 |

é 205 430 300 . 19 ‘
" 210 320 305 18
215 270 310 15

220 240 . 315 14 . . - 4

225 210 320 12 | ;

: 230 190 325 11 i

. 235 170 330 10 &

Ef 240 130 335 . 9.5 . - i

' 245 100 340 8.7 %

| 250 78 345 8.5 ‘

3 255. 61 350 7.1 | o

- 260 48 360 6.2 S

265 39 370 4.9 g

270 34 380 4.0 :

275 ) N 390 2.9 ;

170 | ,1
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HF + hv 9 H ¢+ F
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The ultraviolet abaorption apectrum of HF has been atudied by Safary et al.

(1951). The onset of absorption occura at A ¢ 170 nm, so that photodissociation \ |

1
of HF should be unimportant in the stratogphere,

PRSI SSE SV e

— PN




el

TS

ST T RTEIEEEGL e T o WA T s T IN L TAA

=S

RO A A L L N b e, - i

FUIDE i< LT MDA YT SV A ool e, o 0 s o el A ATt MRS SO T I Y - T o A

M

N Qe b s s e s s A, AL 3 T et AR e v el

H2C0 ¢+ hv » H + HCO (&)
* Hy + CO (&)

Bass et al. (1980) have measuraed the absorption cross sections of
formaldehyde with a resclution of 0.05 nm at 296 K and 223 K. The cross
sections have also been measured by Moortgat et al. (1980; 1983) with a
resolution of 0.5 nm in the 210-360 K temperature range; their valuea are ~30%
larger than those of Bass et al. for wavelengths longer than 300 nm. The
recommended cross section values, listed in Table 37, are the mean of the two .
sets of data (as computed in CODATA, 1982).

The quantum yields have been reported with good agreement by Horowitz and
Calvert (1978), Clark et al. (1978a), Tang et al. (1979), Moortgat and Warneck
(1979), and Moortgat et al. (1980; 1983)., The recommended values listed in
Table 37 are based on the results of all of these investigators. The quantum
yleld ¢2 is pressure dependent for wavelengths longer than 329 nm, and is given
by the expression at the bottom of Table 37, which is based on the values
reported by Moortgat et al. (1980; 1983) for 300 K.

Additional work ia.needed to determine ¢; and the cross sections around 330
nm, which is the important wavelength region for atmospheric photodissociation
of CH20 to yield H ¢ HCO; only a few scattered measurements of ¢ have been
carried out around this wavelength. At present the recommendation for the
320-340 nm wavelength interval is to calculate ®] by linear interpolatioun

assuming & value of ¢; = 0.62 at 320 nm and ¢; = 0 at 340 nm.
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Table 37, Absorption Croas Sections and Quantum Yields for
Fhotolysis of CHg0. ;
i p
10200( cm?) 1
f A ¢ ¢2 ‘ )
| (nm) 290 K 220 K (H + HCO)  (Hp + CO) Vo
240 0.03 0.08 0.21 0.42 k
; 250 0.13 0.08 0.24 0.46 .
E 260 0.47 0.47 0.30 0.48 |
2 270 0.86 0.85 . 0.40 0.46 ;
280 1.86 1.93 0.59 —v0.35 5
290 2.51 2.47 0.71 0.26 _ |
4 300 . 2.62 2.58 0.78 0.22 1
310 2.45 2.40 0.77 0.23 |
3 320 1.85 1.71 0.62 0.38 ‘
i 330 1.76 1.54 0.31 0.69 ;
340 . 1.18 1.10 0 0.69% )
. 350 0.42 0.39 0 0. 40% 3
| 30 . 0.06 = 0.02 .0 0.12% 4
. | i
2 Note: The values are averaged for 10 nm intervals centered v :.:;
» ! on the indicated wavelength. 1
h‘ * : at P = 760 torr 1
5 !
For A > 329 nm, ¢; at a given wavelength (not averaged }
{
over 10 nm intervals) is given by the following expression: )
|
o = L= exp(112.8-0.347\) 3
2 1 + i (ﬂg) i

760 364~
A ¢ nm i
P : torr

!
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CH300H + hv = products

Molina and Arguello (1979) have measured the absorption crosas sections of

CH300H vapor. Their results are listed in Tablae 38,

Table 38. Absorption Cross Sections of CH300H | \

— - -
A 10200 A 10206 .
(nm) (cm2) (nm) (em?) g

| . 210 37.5 290 0.90 : -
| 220 22.0 300 0.58 |

|
230 13.9 .. 310 0.34 ‘ K
1
240 8.8 . 320 . 0.19. -
250 5.8 330 0.11 i
260 3.8 340 0.06
270 2.5 350 0.04 g
280 1.5
1
1
;
A
[
"
.'4
i
!
1
:
{
| E
1

S eathal
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HCN + hv 9 products and CH3CN + hv 9 products

Herzberg and Innes (1957) have atudied the spectroscopy of hydrogen
cyanide, HCN, which starts absorbing weakly at A ¢ 190 nm. McElcheran et al.
(1958) have reported the spectrum of methyl cyanide, CH3CN; the first absorption
band appears at A < 216 nm.

The solar photodissociation rates for these molecules should be rather
small, even in the upper stratosphere; estimates of these rates would require

additional studies of the absorption cross sections and quantum yields in the

200 nm region.
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802 + hv = products

The UV absorption spectrum of §02 18 _highly structured, with a very weak
absorption in the 340-390 nm region, a weak absorption in the 260~-340 nm, and a
strong absorption extending from 180 to 235 nm; the threshold wavelength for
photodissociation is ~220 nm. The atmospheric photochemistry of 802 has been
reviewed by Heicklen et al. (1980) and by Calvert and Stockwell (1983), Direct
photo-oxidation at wavelengths longer than ~300 nm by way of the electronically

excited states of S07 appears to be relatively unimportant.
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OCS + hv = CO + §

The absorption cross sections of OCS have been measured by Breckenridge

and Taube (1970), who presented their 298 K results in graphical form, between

200 and 260 nm; by Rudolph and Inn (1981) between 200 and »300 nm (see also
Turco et al., 1981), at 297 and 195 K; by Leroy et al. (1981) at 294 K, between
210 and 260 nm, using photographic plates; and by Molina et al. (1981) between

180 and 300nm, at 295 and 225 K. The results are in good agreement in the

regions of overlap, except for A > 280 nm, where the cross section values
reported by Rudolph and Inn (1981) are significantly larger than those reperted
by Molina et al. (1981)., The latter authors concluded that solar

photodissociation of OCS in the troposphere occurs only to a negligible extent..

St g AL RS S

The recommended cross sections, given in Table 39, are taken from Molina et

al. (1981). (The original publication also lists a table with cross sections

e e A

values averaged over 1 nm intervals, between 185 and 300 nm.)

The recommended quantum yield for photodissociation is 0.72. .This value is

P ' taken from the work of Rudolph and Inn (1981), who measured the quantum yield

for CO production in the 220-254 nm range.
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Table 39. Absorption Crosa Sections of 0CS

1020¢(cm?) 10204 (cm?)
A , o
(nm) 295 K 225 K (nm) 295 K 225 K
186.1  18.9 13. 0 228.6 26.8 23.7
187.8 8.33 5.63 231.2 22.1 18.8
189.6 3.75 2,50 235.9 17.1 14.0
191.4 2.21 1.61 236.7 12.5 9.72
193.2 1.79 1.53 . 239.5 8.54 6.24
195.1 1.94 1.84. 242.5 5.61 . 3.89
197.0 2.48 2.44 245.4 3.51 2.29
199.0 3.30 3.30 . .. 248.5 2.11 1.29
201.0 4.48 4.50 251.6 1.21 0.679
203.1 6.12 6.17 254.6 0.674 0.353
205.1 8.19 . 8.27 258.1 0.361 0.178
207.3  10.8 10.9 261.4 0.193 0.0900
209.4  14.1 . 14.2 264.9 0.0941 . 0.0419
211.6  17.6 . 17.6 268.5 0.0486 0.0199
213.9  21.8 21.8 272.1 0.0248 0.0101
216.2  25.5 . 25.3 275.9 0.0119 0.0048
218.6  28.2 27.7 279.7 0.0584 . 0.0021
221.5  30.5 29.4 283.7 0.0264 0.0009
223.5 . 31.9 29.5 287.8 0.0012 0.0005
226.0  30.2 27.4 292.0 0.0005 0.0002
296.3 0.0002 -

Photodissociation quantum yield ¢ = 0.72




CSp + hv = CS8 + §

The CSQ absorption spectrum is rather complex. Its photochemist¥y has been

reviewed by Okabe (1978)., There are two distinct regions in the near UV

spectrum: a strong absorption extending from 185 to 230 nin, and a weaker one in.

EEE NPT

the 290-380 nm range. The threshold wavelength for photodissociation is ~280

nm. .

The photo-oxidation. of CS3 in the atmosphere has been discussed by Wine et

al. (1981d), who report that electroénically excited CSz may react with 0y te

yield eéventually OcCS.
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NaCt ¢ hv 9 Na + C}

NaOH ¢ hv @ Na + OH

There are aseveral studies.on the UV absorption spectra of NaCt vapor; for a
review see Rowland and Rogers (1982). These spectra have been inferred from
high_ temperature studies, and the absorption cross section values at
stratospheric temperatures are uncertain. The recommendation is to use the
solar photodissociation rates estimated by Rowland and Rogers.

The spectrum of NaOH vapor is poorly characterized. Rowland and Makide
(1982) inferred the absorption cross section values and the average solar

photodissociation rate from the flame measurements of Daidoji (1979).

_Additional measurements are required.
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